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Preface

The more than 4000 beaches along the Brazilian coast are one of the country’s main
assets. They are distributed along more than 9000 km of coastline, from the equato-
rial Amazon coast (4°N) to the subtropical beaches of Rio Grande do Sul (34°S),
and encompass every beach type, from wide tide-dominated flats in the North to
wave-dominated reflective beaches in the Southeast and South. Brazilian sandy
beaches harbor endemic and diverse biota and provide numerous goods and services
that are essential to human populations such as shellfish harvesting and fishing,
coastal infrastructure protection, sites for cultural manifestations, tourism, and rec-
reation activities. Notwithstanding, they are under increasing pressure, trapped
between the impacts of climate change and human activities in the terrestrial and
marine environments.

Contrary to their great geographical extent and importance, knowledge about
Brazilian beaches is still limited and insufficient to ensure their sustainable use.
Thus far, there is no extensive work on their socio-ecological characteristics, an
issue that prevents the necessary acknowledgment of their importance. This book
comes to fill this void. Written by an interdisciplinary group of leading researchers
from all coastal regions of Brazil, and having the contribution of international
experts, it is the first-ever comprehensive work written about Brazil’s sandy beaches
addressing their physical, ecological, and social aspects.

The information synthesized within this book is organized into ten chapters,
which follow a logical order but can also be read independently. Chapter 1 sets the
background and shows the predominant physical characteristics of Brazilian
beaches, classifying the Brazilian coast into distinct regions according to their geol-
ogy, sediments, coastal processes, and beach types. The next chapters give an insight
into the biodiversity recorded in Brazilian beaches, including algae (Chap. 2), meio-
fauna (Chap. 3), macrofauna (Chap. 4), and vertebrates (Chap. 5). An overview of
the population biology and dynamics of the most studied species on Brazilian sandy
shores is found in Chap. 6, while Chap. 7 summarizes the importance of biological
interactions to the patterns and functioning of sandy beach ecosystems. Finally, the
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Xiv Preface

last three chapters discuss topics related to the social function of beaches as social-
ecological systems such as the main services and goods provided to human popula-
tions (Chap. 8), the influence of natural and anthropic disturbance (Chap. 9), and the
challenges to preserve these ecosystems (Chap. 10).

Our effort aims to reach university researchers and students, as well as coastal
managers and policymakers. Nevertheless, the information included in this book is
accessible to anyone who wants to know more about Brazilian coastal biodiversity
and ecosystems. We trust that this book will provide insights for further investiga-
tions and represent a significant step towards the conservation of Brazilian sandy
beaches, their biodiversity, and ecosystem services.

Campinas, SP, Brazil Guilherme Nascimento Corte
Helio Herminio Checon
Antonia Cecilia Zacagnini Amaral
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Chapter 1
Physical Characteristics of Brazilian Sandy
Beaches

Check for
updates

Antonio Henrique da Fontoura Klein and Andrew D. Short

1.1 Introduction

The east coast of South America, including all of Brazil, is a classic trailing edge
coast typified by numerous long meandering rivers, generally low gradient regres-
sive coastal plains, an abundance of mature quartz sediment, and extensive beach-
barrier systems, the antithesis of the rugged collision margin of the mountainous
west coast. The Amazon, the world’s largest river in terms of length, discharge, and
its associated sediment supply, dominates the northern 1500 km of coast, maintain-
ing a predominately mangrove-fringed mud-dominated shore, with scattered sandy
beaches. South of the Amazon, however, sandy beaches increasingly dominate the
shore with more than 4000 beaches comprising 2% (82,778 ha) of all coastal eco-
systems in the country (Muehe 2003; Short and Klein 2016). The remaining coast is
occupied by rocky shores, inlets, and, in sheltered locations, mangroves, as well as
salt-marsh south of 27°S.

The entire coast extends over 38° of latitude, from 4°N to 34°S, and is bordered
by the Atlantic Ocean. Coastal quartz-rich sediment has been derived from the
Amazon River in the north and La Plata River in the south, discharging between
Uruguay and Argentina, together with several moderate-sized rivers in between.
This sediment has been deposited on the shelf at low sea levels and reworked
onshore and longshore during the postglacial sea-level transgression, together with
sediment supplied directly to the coast since the sea-level standstill.

The abundance of sand has allowed the formation of thousands of beaches,
including some of the longest beach and barrier systems in the world, together with

A. H. F. Klein (<)

Federal University of Santa Catarina (UFSC), Campus Universitario — Trindade,
Florianépolis, SC, Brazil
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extensive transgressive dune systems (Dillenburg and Hesp 2009). The considerable
range in wave and tide energy maintains the full range of beach types and states
along the open coast. In the north, the beaches are generally tide-dominated to tide-
modified, while along the east coast, they range from tide-modified in the northeast
to wave-dominated along with the central and southern sectors, with tide-dominated
beaches predominating in sheltered bays and estuaries (Short and Klein 2016). The
beaches span tropical to subtropical latitudes, and in the northeast, they are in places
sheltered and modified by coral and beach rock reefs, which induce the formation
of lower energy crenulate beaches in their lee. Also, in the north and east, the
Barreiras Formation outcrops along sections of the coast, forming eroding cliffs that
supply sediment directly to the beaches, while in the south, particularly between
Cabo Frio (RJ) and Cabo de Santa Marta (SC), numerous igneous bedrock head-
lands result in many embayed and pocket beach systems.

This chapter is a summary of Brazilian beach systems (Short and Klein 2016),
where the main highlight of Brazilian beaches are present.

1.2 Coastal Processes

Brazilian coastal processes are related to its latitudinal location and the associated
tropical though temperate climate systems, particularly those that reside over the
equatorial and South Atlantic (Rodrigues et al. 2016). In the north, the Intertropical
Convergence Zone (ITCZ), which while residing over the equator, shifts seasonally
and influences the region between 30°N and 30°S. Trade winds converge on the
ITCZ, and during the southern hemisphere summer, when it moves to 14°N, it deliv-
ers southeast trades along the coast between the state of Amapa and as far south as
the state of Santa Catarina, while during the southern hemisphere winter, it shifts to
a maximum of 5-6°S, delivering northeast trades and heavy rainfall along the coast
between the states of Amapd and Rio Grande do Norte.

Much of the coast is exposed to easterly trade winds and east through southerly
seas and swell, which combined provide considerable energy to transport sediment
and construct a wide range of beach, barrier, inlet, and deltaic forms. Wave energy
ranges from low to moderate along the tide-dominated Amapd and Pard coasts,
where considerable wave attenuation takes place across the shallow inshore, to
moderate along the states of Maranhdo, Ceard, and northern Rio Grande do Norte
coast. The trade winds generate low to moderate seas, with waves usually between
1 and 2 m and period 7 and 13 s. South of the Cabo Frio municipality (RJ), the wave
climate is dominated by subpolar lows that regularly cross the South Atlantic
(40-60°S), generating moderate to occasionally high southerly swell. Waves can
range from 1-4 m and periods from 10 to 16 s. Figure 1.1 illustrates the mean sig-
nificant wave height (H,) along the entire coast. The waves drive predominately
northerly longshore sand transport, which has been calculated to reach one million
mPyr~! in some southern locations (Motta and Toldo Jr 2013), together with some
local and seasonal reversals in sediment transport.
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Fig. 1.1 Annual mean significant wave height (H,) and (right) maximum tide range (m) along the
Brazilian coast between French Guinea and Uruguay. (Source: Rodrigues et al. 2016)

Tides along the coast peak in the mouth of the Amazon, where they reach 11 m
near Ilha do Maracd, the highest in Brazil. Tidal currents are significant along the
north coast with the flood tides trending to the west reinforcing the easterly wind
and wave-driven currents and the strong North Brazil current. The tide range
decreases northward to 4 m along the northern Amapa coast. It also decreases to the
east averaging 4-6 m along the Pard-Maranhdo coast, then gradually decreasing to
3—4 m along Piaui and Cear4 coast, and 2.5-3 m from Rio Grande do Norte down
to Bahia. In the state of Espirito Santo, tides decrease to micro (0.8—1.9 m) and
remain 1 m or less all down the southeast coast, with the smallest tides (0.5 m) along
the coast of Rio Grande do Sul (Fig. 1.1). South from the state of Rio de Janeiro,
storm surges up to 1.0 m high also contribute to coastal processes.

Winds are related to the regional pressure systems and are seasonally northeast
and southeast along the Amapa-Pard coast, while southeast trades dominate the
entire northeast coast in summer, extending as far south as northern Santa Catarina,
with northerly winds dominating south of Santa Catarina Island. Winter brings peri-
odic cold fronts, strong southerly winds, and frontal rain along the southeast coast
usually reaching as far north as Sergipe. In all regions from Par4 to the south, the
winds move beach sand inland to develop in places extensive transgressive dune
systems.
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1.3 Beach Types and States

Beaches are accumulations of wave-deposited sediment (sand to boulders) at the
shoreline usually in a tidal environment. As such, wave height and period, tide
range, and sediment size are the key parameters in determining the nature of the
beach, and based on these, all beaches can be classified by their type and state. This
section briefly reviews the range of beach types and states that occur globally and
along the Brazilian coast, based on the detailed description of Short and Klein (2016).
Beach type is based on the relative contribution of both waves and tides and is
quantified using the relative tide range (RTR) (Masselink and Short 1993):

RTR = TR/ H,

where TR = mean spring tide range (m) and H, = breaker wave height (m). When
waves are relatively high, tide low, and RTR < 3 beaches are wave-dominated. When
between RTR 3 to ~10, they are tide-modified; and when waves are very low, tide rela-
tively high, and RTR between ~10 to ~50, they become fide-dominated (Table 1.1
and Fig. 1.2; Short 2006). As RTR exceeds ~50, the tidal flats increasingly replace
the beaches.

The Brazilian coast has tides ranging from 0.5 to 11 m and low through high
waves (Klein and Short 2016). Therefore, it contains RTR’s ranging from <1 to >50
and the full range of wave-dominated, tide-modified, and tide-dominated beach
types (Klein and Short 2016). The RTR, however, does not consider the sand grain
size and wave period. When using these two additional parameters, the three beach
types can be further classified into 13 beach states using the dimensionless fall
velocity (Q2) (Gourlay 1968), where

Q=H, /WT

where W, = sediment fall velocity (m s~!) and T = wave period (s), the W, acting as
a surrogate for sand size.

Q quantifies the relative contribution of wave height and period and sediment
grain size [expressed as sediment fall velocity, see Gibbs et al. (1971) for a table to
convert grain size to velocity] to beach morphodynamics.

In total, the three beach types that contain 13 beach states and together with two
beaches dominated by rock/reef flats account for 15 different beach states ranging
from the high energy wave-dominated multi-bar dissipative with 300-500 m wide
surf zones, to barless reflective beaches; to with increasing tide range the tide-
modified beaches with surf; to the very low energy tide-dominated beaches fronted
by tidal flats (Klein and Short 2016; Short and Klein 2016). Table 1.1 lists the beach
types and states, their abbreviations, and their general relationship to RTR, Q, and
H, (Klein and Short 2016; Short and Klein 2016). Note that the actual relationship
will vary with wave environments and need to be determined locally, while beaches
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Table 1.1 List of the three beach types and 13 beach states, plus two states (14 and 15) dominated
by reefs/rock), and some of their environmental characteristics

Beach type/No. Beach state | Beach state RTR Q ~Hy, (m)
Wave-dominated (WD) <3 1-6

1 D Dissipative <1 >6 | >2

2 LBT Longshore Bar & Trough | <3 ~5 <2

3 RBB Rhythmic Bar & Beach <3 ~4 |>1.5
4 TBR Transverse Bar & Rip <3 ~3 ~1.5
5 LTT Low Tide Terrace <3 ~2 ~1

6 R Reflective <3 ~1 <1
Tide-modified (TM) 3~10 1-6

7 R+ LTT R + Low Tide Terrace ~1

8 R +LTR R + Low Tide Rips ~3

9 UD Ultradissipative >5
Tide-dominated (TD) Beach® ~10-50 |<I1 <<1
10 B + RSF B + Ridged Sand Flats <l <0.5
11 B + SF B + Sand Flats <1 <0.3
12 B + TSF B + Tidal Sand Flats <l <0.2
13 B + TMF B + Tidal Mudflats <1 <0.2
Rocks/reef®

14 R +RF R + Rock Flats - - -

15 R+ CF R + Coral (reef) Flats - - -

Source: Klein and Short (2016)

The relative tide range (RTR), dimensionless fall velocity (£2), and breaker wave height (H,) are all
approximate and can vary between wave environments, while 14 and 15 states are independent of
waves and tides. Also see Fig. 1.1

4 Beach indicates a very low energy strip of high tide sand

"Rock and reef-fronted beaches form independently of RTR, Q, and H,

B high tide beach

fronted by rock flats or coral reefs are independent of waves and tides (Klein and
Short 2016; Short and Klein 2016).

The relationship between the wave-dominated, tide-modified, and tide-dominated
beach states and H,, W, and RTR is also presented in Fig. 1.2 (Klein and Short
2016; Short and Klein 2016). Figure 1.2a—c plots the relation between beach state
and H,, sand size, and RTR, while Fig. 1.2d plots the impact of increasing Q and
RTR on beach type and state. It shows how wave-dominated beaches have the high-
est waves and lowest RTR with fine to medium sand that coarsens toward the reflec-
tive end (Klein and Short 2016; Short and Klein 2016). Tide-modified beaches have
moderate waves, increasing RTR, and medium more poorly sorted sand, while tide-
dominated beaches have low waves, high RTR, and the coarsest material, which is
also very poorly sorted (Klein and Short 2016; Short and Klein 2016). The data in
Table 1.1 are based on Australian beaches and may need modification in other
coastal environments. Each of the beach types and states is briefly described below
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Fig. 1.2 The relationship (mean and standard deviation) between the wave-dominated (1-6), tide-
modified (7-9), and tide-dominated (10-13) beach states and (a) breaker wave height (H,); (b)
sand size; (c) relative tide range (RTR). (Source: Short and Woodroffe 2009); and (d) relationship
between the dimensionless fall velocity () and RTR in controlling beach type and state (WD
wave-dominated, TM tide-modified, TD tide-dominated). (Source: Short and Jackson 2022). All
data are based on Australian beaches and may need modification for other coastal environments.
(Source: Klein and Short 2016). See Table 1.1 for the number (1-13) legend

and illustrated in Figs. 1.3 and 1.4. For a fuller description, see Short (1999), Short
and Klein (2016), and Short and Jackson (2022).

As presented in the Klein and Short (2016) and Short and Klein (2016), using
Q, wave-dominated beaches can be classified into six beach states (1-6, Table 1.1;
Fig. 1.2). When waves are relatively low, periods long, sand coarse, and Q < 1 the
beaches are narrow and barless and are called reflective. When waves are moder-
ate to high and Q = 2-5, the beaches become rip-dominated intermediate with
usually one or two bars cut by rip channels and currents. When waves are high,
sand is fine, and Q > 6, the beaches become wide and dissipative with often mul-
tiple (>2) shore-parallel sand bars. Figure 1.3 illustrates the six wave-dominated
beach states. .
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1. Dissipative D: Beach: fine sand, wide low 4. Transverse bar & rip TBR: Beach: highly rhythmic
) gradient (1-2°). Swash-intertidal: ( horns & rip embay )
dominated by waves bores. Surf T with shore perpendicular

i

zone: swell: 2-3 subdued bars up to
500 m wide; sea: up to 10 bars.
Multiple spilling breakers and
enhanced infragravity shoreward,
strong bed return flow

(transverse) shallow bars attached
to horns, separated by deeper rip
channels off embayments. Strong
segmented cellular rip circulation &
swash dynamics

A

&

LBT: Beach: fine sand LTT, coarser 5. Low tide terrace
sand R; 2-3 m deep trough ~50 m+
wide; pronounced shore parallel

slightly sinuous longshore bar with
weak rip currents flowing across °
seaward protruding sections

LTT: Beach: straight HT swash zone,
initially planar then becoming
cusped, reflective at HT. Intertidal:
low tide terrace, may contain small
infilling rips channels, with more
dissipative wave breaking across
terrace at low-mid tide

RBB: Beach: rhythmic with

horns & rip emb.
continuous rhythmic trough;
longshore bar: protrudes shoreward
towards horns & seaward off rips;
strong cellular rip circulation. =F t,-:,

o

6. Reflective

R: Beach: relatively steep & usually
cusped & may aggrade into a
straight berm with backing runnel.
Mixed sediment is arranged into a
coarse steep LT step, deeper
nearshore (no bar). Waves
surge/collapse over step/base of
R beach with strong runup-backwash

Fig. 1.3 Schematic sketch of the six (1-6) wave-dominated beach states and their general charac-
teristics with states 2-5 encompassing the rip-dominated intermediate range. (Source: Modified
from Short and Woodroffe 2009)

Tide-modified beaches have three beach states (7-9, Table 1.1; Fig. 1.2), each
containing a usually wide intertidal zone grading into a low tide bar. The lower
energy (Q < 1) reflective plus low tide terrace state consists of a reflective high tide
beach plus a wide (~100 m+) low tide terrace. The intermediate state (reflective plus
low tide rips, Q = 2-5) contains a reflective high tide beach and low tide bar cut by
rip channels on its outer low tide sector, while the higher energy ultradissipative
state (€2 > 6) is composed of finer sand and features a very wide (>200 m) low gradi-
ent featureless concave inter to the subtidal beach (Fig. 1.4).

The tide-dominated beaches consist of four states each fronted by wide intertidal
sand and/or mudflats (100s—1000s m wide). They range from a low energy high tide
beach fronted by ridged sand flats under higher waves, through to very low energy
sand flats, tidal sand flats, and finally, tidal mudflats (Fig. 1.4). For a full description
of the beach types and states, see Short (1999, 20006).

In addition, two additional beach states can occur along the coast, which consist
of high tide reflective sandy beaches fronted by intertidal rocks flats or beachrock
reefs, and high tide beaches fringed by intertidal coral reef flats (Fig. 1.4). Both are
common along with parts of the northeast Brazilian coast, particularly where beach
rock and/or coral reefs fringe the shore.

Brazil has tides ranging from micro to mega, and waves from low to high,
together with beach sand ranging from fine to coarse. As a result, all the above
beach types and states are found along the Brazilian coast, as will be presented in
the following sections.



7. Reflective + low tide terrace (+rips)

R+LTT: Steep cusped HT beach
composed of med-coarse sand
fronted by an abrupt break in
slope at discharge exit point and
alower gradient finer sand,
disipative intertidal zone.
Possible LT rips following high
seas.

R+LTR: Steeper cusped HT
beach composed of medium sand
fronted by an abrupt break in
slope at discharge exit point and
alower gradient finer sand
intertidal zone with rhythmic bars-
tips in low-subtidal zone. Intertidal
swash bars may be present.

A. H. F. Klein and A. D. Short

10. Beach + ridged sand flats

B+RSF: Low HT beach
composed of coarser sand/shells
grading abruptly into wide, very
low gradient intertidal sand flats
(finer sand) containing several
shore parallel/sinuous, low
amplitude (10-20 cm) sand ridges
(spacing ~80 m).

B+SF: Low HT beach composed
of coarser sand/shells grading
abruptly into wide, very low
gradient, featureless intertidal
sand flats. Flats composed of
finer sand, usually wave rippled
and may contain some seagrass
species.

B+TSF/TMF: Low HT beach
composed of coarser sand/shells
grading abruptly into wide, very
low gradient intertidal sand flats
(#12) crossed by meandering
shore perpendicular tidal
drainage channels: or fronted by
mud flats (#13). Mangroves/salt
marsh may be present on the
upper beach and sand flats may
grade seaward into mud flats.

UD: HT cusped beach composed
of med-fine sand grading in to a
wide (100's m) low gradient fine
sand dissipative intertidal, with
spilling breakers. Possible bars
and rips in subtidal following high
seas and shore parallel tidal
currents in subtidal.

14 & 15. Reflective + rock/reef flats

R+RF/CF:  Steep reflective
HT beach. #14 grading
abruptly to intertidal rock flats,
beach often contains rock
fragments/gravel; #15 grading
to intertidal coral reef flats,
beach often pure carbonate
(coral detritus)

Fig. 1.4 Schematic sketch of the three (7-10) tide-modified (left), four tide-dominated (11-13),
and two rock and reef flats (14 and 15) beach states (right) and their general characteristics.
(Source: Modified from Short and Woodroffe 2009)

1.4 Brazilian Coastal Regions

The Brazilian coast can be divided into several regions based on geology, sediments,
coastal processes, and beach types (Klein and Short 2016). The regions are illustrated
in Fig. 1.5a, which largely follows the classification of Dominguez (2006, 2009). The
following sections discuss the beach systems in each of the seven regions.

1.4.1 Region 1: Tide-Dominated Amazon Delta Coast

The Amazon coast is one of the longest (~3000 km) and the most complex and vari-
able of Brazil’s coastal regions. It extends either side of the world’s greatest river,
which flows into a gulf dominated by tides ranging up to 11 m (Klein and Short
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Fig. 1.5 (a) Brazil’s seven coastal regions and their boundaries. (Source: Klein and Short 2016),
and (b) plot of indicative regional (1-7) beach states using the Q-RTR plot. The relative tide range
(RTR) varies from 0.1 to 100 across the full-wave to tide-dominated beach types, and the dimen-
sionless fall velocity () ranges from 0.1 to 13 across the full reflective to dissipative range.
(Source: Short and Klein 2016). WD Wave-dominated, TM Tide-modified, TD Tide-dominated,
TF Tidal flat

2016; Short and Klein 2016). Region | extends from the northern Amapéd/French
Guiana border at Cape Orange, down through the Amap4d and Pard Amazon River
mouth coast, including the Amazon’s North and South channels and numerous dis-
tributaries and islands, to the northeast tip of Marajé Island (Figs. 1.5a and 1.6)
(Klein and Short 2016; Short and Klein 2016). Tides range from 4 m in the north to
11 m at the mouth. Easterly trade winds generate moderate waves, which after they
cross the wide shallow shelf and inter and subtidal zones, are usually very low to
zero at the shore (Klein and Short 2016; Short and Klein 2016). While mud makes
up 99% of the Amazon sediments, there is still sufficient sand (~6 M m? yr~!, Dunne
et al. 1998) to be deposited at the shore to form sand beaches and sand flats. As
Fig. 1.5b indicates, the state of Amapa beaches (Region 1) are all tide-dominated
with an RTR between 10 and 100 (Klein and Short 2016; Short and Klein 2016).
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REGION 1
THE AMAZON DELTA COAST
Tide-dominated beaches
CAPE ORANGE States: Amapé - Paré (llha de Marajo & Baia de Marajd)
(=} Boundaries: Cape Orange & Cape Maguari

NORTHATLANTIC
OCEAN

AMAZONAS
RIVER DELTA

. CAPE
MAGUARI

Fig. 1.6 Coastal region 1 — the tide-dominated Amazon delta and mud coast. (Source: Klein and
Short 2016)

Santos et al. (2016) divided the state of Amapd coast into four sub-provinces
each of which contains tide-dominated beaches. The 550-km-long northern
Amapd coast, while dominated by mud, has low gradient tide-dominated sandy
beaches (B + SF to B + TMF) occupying the intertidal along 20% of the coast
(Fig. 1.7). The 500-km-long southern Amapd coast has tide-dominated sandy
beaches fronted by wide tidal sand flats located on the eastern shores of the more
exposed river mouth islands, while along the northern banks of the North Channel
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a)

Fig. 1.7 (a) High tide beach on state of Amapa’s Parazinho island at the Amazon River mouth;
and (b) wide exposed sand flat with mud hollows on Amapa’s Farol Praia on Ilha Vitdria. (Photos:
AD Short; Source: Santos et al. 2016)
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and some of the distributaries smaller pocket beaches occur usually hemmed in by
mangroves and varzea forest and fronted by river-truncated mudflats (Klein and
Short 2016; Short and Klein 2016). These beaches occupy only 9% and 1%,
respectively, of this river and mud-dominated sub-province (Klein and Short
2016; Short and Klein 2016). The 1500-km-long Pard Amazon riverine-island
sub-province is dominated by the mouth of the Amazon and includes the Amazon’s
South channel (Fig. 1.6) (Klein and Short 2016; Short and Klein 2016). About 50
tide-dominated beaches averaging 2 km in length and fronted by sand-mud flats,
occupy about 7% of the shore, all located along more exposed eastern sections of
the major river mouth islands (Klein and Short 2016; Short and Klein 2016). The
final sub-province is the 200-km-long northern shore of Marajé Island, which
faces north into the South Channel (Klein and Short 2016; Short and Klein 2016).
It contains 39 tide-dominated sandy beaches fronted by both sand flats and ridged
sand flats (B + SF and RSF) (Klein and Short 2016; Short and Klein 2016). The
beaches average about 1 km in length and occupy about 20% of the coast, the
remainder dominated by mangroves (Klein and Short 2016; Short and Klein
2016). All sub-provinces experience westerly longshore sediment transport. In
total, about 260 tide-dominated (TD) beaches occupy about 420 km (~7%) of this
predominantly river-dominated mud and mangrove-lined province (Klein and
Short 2016; Short and Klein 2016).

1.4.2 Region 2: Tide-Dominated Beaches, Barriers,
and Estuaries of Pard-Maranhdao

Region 2 encompasses both sides of Marajé Bay and the open east coast of the state
of Pard and western coast of the state of Maranhdo. It commences at the mouth of
Maraj6é Bay and extends 600 km east to Sdo Marcos Bay, terminating at Baleia
Island (Figs. 1.5a and 1.8) (Klein and Short 2016; Short and Klein 2016). The large
tides that dominate the Amazon Gulf extend eastward along the east coast of Para
and Maranhdo, decreasing from 10 m at the mouth of Marajé Bay (Baia de Marajo)
to 3 m at Belém and on the eastern Maranhio coast (Klein and Short 2016; Short
and Klein 2016). At the same time on the open coast, the easterly trade wind waves
generate more energy at the shore particularly at high tide resulting in a combina-
tion of tide-dominated and tide-modified beaches (Pereira et al. 2016a).

This 1050-km-long region begins at Cape Maguari on the northeast tip of
Marajé Island and includes the 285 beaches that lie on either side of the elongate
180-km-long Marajé Bay (Pereira et al. 2016a). The bay beaches are all tide-
dominated and consist both of B + SF, and on some more exposed western shores,
B + RSF. The “low” northern half of the bay is dominated more by tidal creeks
and their associated ebb-tidal deltas and mangroves, while the southern “high”
half of the bay is backed by the bluffs of the Barreiras Formation where the
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REGION 2
NORTHATLANTIC PARAMAR}\NIHRO EMRI?IER & ESTUARIES
OCEAN Tide-modified & dominated beaches

States: Para (East) - Maranhao (West)
Boundaries: Cape Maguari & Baleia Island

Ecuador Line

SOUTHATLANTIC
OCEAN

Fig. 1.8 Coastal region 2 — the highly indented tide-dominated Para-Maranh@o barriers and estu-
aries. (Source: Klein and Short 2016)

beaches are short and often backed and bordered by the bluffs. Mangroves increase
southward into the bay and dominate the shore of the Tocantins River mouth at the
base of the bay.

The mega to macro-tidal northern open coast consists of a series of 35 major
promontories bordered by 5-10 km wide, up to 20-km-long funnel-shaped tide-
dominated estuaries. Each of the promontories contains regressive barriers and
“drumstick” barrier islands that recurve into the bay mouths. Sediment transport is
predominantly to the west, though continually interrupted by the numerous estuar-
ies. The easterly waves are modulated by the tides with moderate waves reaching
the exposed beaches at high tide and little or no waves at low tide. The beaches
range from tide-modified, including R + LTR (Fig. 1.9) on the most exposed tips of
the promontories, to tide-dominated moving into the bay mouths and in the lee of
the bay mouth shoals (Pereira et al. 2016b). Ninety beaches occupy the eastern Para
section and another 42 in the western Maranhdo section. Figure 1.5b (region 2)
locates these beaches in the tide-modified to the tide-dominated section of the
Q-RTR plot.
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Fig. 1.9 (a) The wide tide-modified Atalaia beach shown here at low tide; and (b) view across
Atalaia beach showing typical low tide surf conditions when rip currents prevail. (Photos:
AD Short)
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1.4.3 Region 3: Northeastern Tide-Modified Beach
and Barrier-Dune Coast

Region 3 extends for 1300 km between Baleia Island at the mouth of Sdo Marcos
Bay and Cabo Calcanhar and includes the eastern open coast of the state of
Maranhio, all of the states of Piaui and Ceard, and the northern (or equatorial) coast
of the state of Rio Grande do Norte (Figs. 1.5a and 1.10). East of Baleia Island the
coast changes dramatically from the highly irregular tide-dominated estuarine coast
to the west, to a straighter and more continuous, more wave-dominated coast to its
eastern boundary (Klein and Short 2016; Short and Klein 2016). The coast has
meso-tides averaging about 3 m and easterly trade wind waves between 1 and 2 m.
The trade winds also have a profound impact on the coast forming extensive trans-
gressive dunes along much of the coast and together with the easterly waves drive
substantial westerly longshore sand transport, including headland overpassing and
bypassing, all estimated at 100,000s m? yr~! (Pinheiro et al. 2016). Near the shore,
the waves are modulated by outcrops of the Barreiras Formation, which forms head-
lands, cliffs, and scarps, and by shore-parallel beachrock reefs, together with numer-
ous inlets (Klein and Short 2016; Short and Klein 2016). Combined, these structures

REGION 3
NORTHEAST BARRIER-DUNE COAST
Tide-modified beaches
BALEIAISLAND States: Maranh&o (East), Piaui. Ceara, Rio Grande do Norte (north)
- Boundaries: Baleia Island & Touros (Cabo Calcanhar)

TOUROS
(Cabo Calcanhar)

Fig. 1.10 Coastal region 3 — the northeast tide-modified barrier-dune coast. (Source: Klein and
Short 2016)
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produce a series of headland-bound embayed beaches, with wave height locally
controlled by wave refraction and diffraction/attenuation around and over the reefs
(Klein and Short 2016; Short and Klein 2016). Beaches range from wave-dominated
in more exposed locations to tide-modified and tide-dominated in more sheltered
locations (Fig. 1.5b, region 3) (Klein and Short 2016; Short and Klein 2016).

The 230 km eastern Maranhdo coast has 26 generally long sandy beaches, the
longest being 65-km-long (Pereira et al. 2016b). In the west, the more exposed beaches
and those with fine sand are wave-dominated dissipative multi-bar beaches, all backed
by massive active transgressive dunes, and all part of the large Lencdis Maranhenses
National Park (Klein and Short 2016; Short and Klein 2016). Toward the east and the
Parnaiba River mouth, wave height decreases and tide-modified and some tide-domi-
nated beaches predominate, together with the only barrier islands in Brazil.

The 66-km-long Piaui coast consists of several larger headland-tied embayed
beaches, together with some beach rock reefs. As wave energy increases from east
to west within the embayments the full range of tide-modified reflective, intermedi-
ate, and dissipative beach states are found (Fig. 1.11a), with numerous well-
developed low tide rips (Paula et al. 2016). Beachrock increases to the east with the
shore-parallel rock usually backed by steep reflective beaches, which are only active
at high tide. All the beaches are backed by massive active transgressive dunes, most
of them without foredunes.

The Ceard coast extends east for 573 km and contains 216 beaches (Pinheiro
et al. 2016). Tides are meso; waves average 1.1-1.6 m, with tide-modified beaches
predominating (Klein and Short 2016; Short and Klein 2016). The coast can be
divided into a western sector dominated by barrier lagoons and active transgressive
dunes, and an eastern section with rocky coast, abrasion platforms, and tabular
sandy-clay deposits derived from the eroding cliffs of the Barreiras Formation
(Klein and Short 2016; Short and Klein 2016). Morais et al. (2006) further divided
the coast into five sub-sectors, based on watershed boundaries, sediment delivery,
and the morphological characteristics of the beaches. Pinheiro et al. (2016) found
the full range of wave-dominated and tide-modified beaches along the coast. The
tide-modified beaches predominate (48%) of which reflective with low tidal bars
and rips (R + LTR) are the most common (26%), followed by reflective and low tide
terrace (R + LTT) (21%) (Fig. 1.11b) with only 0.5% ultradissipative (UD). Wave-
dominated beaches make up 14%, with LBT and TBR the most common beaches
states, while reflective high tide beaches fronted by intertidal rocks flats (R + RF)
comprise 38% of the beaches (Klein and Short 2016; Short and Klein 2016).

The northern coast of Rio Grande do Norte extends east for 244 km to Touros
municipality (Fig. 1.10), where there is a dramatic change in the orientation of the
coast as it swings south into the next region (Klein and Short 2016; Short and Klein
2016). Eighty percent of the northern coast consists of generally longer embayed
tide-modified sandy beaches (predominately R + LTT), together with some tide-
dominated beaches (Klein and Short 2016; Short and Klein 2016). Dune transgres-
sion increases westward within each embayment (Vital et al. 2016). Besides, there
are outcrops of the Barreiras Formation (Fig. 1.11b) and beachrock reefs. Figure 1.5b
shows the spread of Region 3 beach types between wave-dominated and tide-
modified (Klein and Short 2016; Short and Klein 2016).
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Fig. 1.11 (a) Low gradient dissipative Edlicas beach near Parnaiba River, which forms the border
between the states of Maranhao and Piaui. (Photo: J E A Paula; Source: Paula et al. 2016); and (b)
the cliffed Barreiras Formation and Nautico beach with low tide rips along beach — Fortaleza-City
(CE). (Photo: L Pinheiro; Source: Pinheiro et al. 2016)

1.4.4 Region 4: Eastern Beachrock Coast

The eastern beachrock coast extends for 760 km between the municipality of Touros
and the state of Alagoas and includes the eastern coast of the state of Rio Grande do
Norte, and the coast of the states of Paraiba, Pernambuco, and Alagoas (Figs. 1.5a
and 1.12) (Klein and Short 2016; Short and Klein 2016). The south then southeast
trending coast faces into both the easterly trade winds and their waves, plus longer
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REGION 4

NORTHEAST BEACHROCK COAST
Wave-dominated & tide-modified beaches TOUROS
States: Rio Grande do Norte (east), Paraiba, Pemambuco, Alagoas (Cabo Calcanhar)

Boundaries: Touros (Cabo Calcanhar) & Coruripe
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Fig. 1.12 Coastal region 4 — the northeast wave-dominated beachrock coast. (Source: Klein and
Short 2016)

swell arriving from the south, with waves averaging 1.5-2 m, while tides average
2.5 m (Klein and Short 2016; Short and Klein 2016). The coast consists of two sec-
tions: a northern 220-km-long more open coast between the municipalities of
Touros and Baia da Traicdo, and the 540 km central-southern sector, which is domi-
nated by inshore beachrock and algal reefs (Klein and Short 2016; Short and
Klein 2016).

The northern Rio Grande do Norte sector consists of a series of more than 20
headland-tied beaches, which occupy 61% of the coast (Vital et al. 2016), with wave
energy increasing northward within each curving embayment and all backed by
substantial dune transgression, dominated by longwalled parabolics. Beachrock,
while present, is limited in extent and the beaches range from reflective to rip-
dominated intermediate, with LTT and TBR being the most common beach states.
The waves and wind drive northerly sand transport along the beaches with headland
bypassing and/or overpassing occurring at most headlands. The Barreiras Formation
occupies 39% of the coast and outcrops along the coast, forming numerous head-
land and cliffs and backing beaches (Fig. 1.13a).

The central-southern sector extends from just inside the state of Paraiba to the
city of Coruripe in southern Alagoas. This section is dominated by extensive shore-
parallel beachrock reefs (Fig. 1.13b, c), together with nearshore and inner shelf
beachrock and algal reefs, that both attenuate the breaking waves as well as cause
wave refraction and diffraction/attenuation which produces a more crenulate shore-
line consisting of sandy bays and salients. The 145-km-long Paraiba coast is domi-
nated by near-continuous exposed shore-parallel and submerged inner shelf reefs,
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Fig. 1.13 (a) The Barreiras Formation at Baia Formosa (state of Rio Grande do Norte) is capped
by dunes and fronted by a sheltered tide-dominated beach; (b) a prominent beachrock reef at
Cumurupin (state of Rio Grande do Norte) shelters a low energy beach sheltered. (Photos: AD
Short); (¢) beachrock reef at Bafa da Traigdo (state of Paraiba) with attached salient and highly
crenulate shoreline. (Photo: JML Dominguez; Dominguez et al. 2016a); and (d) Paiva Beach (state
of Pernambuco) at low tide showing the well-developed rip current channels cutting the surf zone
and separated by transverse bars. (Photo: RL Barcellos; Pereira et al. 2016)

particularly around the city of Jodo Pessoa. The reefs lower wave energy and result
in predominantly tide-modified R + LTT beaches which are largely backed by erod-
ing cliffs of the Barreiras Formation which supplies sand directly to the beaches.
Dominguez et al. (2016¢) divide the coast into three compartments. The first extends
from the border with Rio Grande do Norte for 55 km to the municipality of Lucena.
This is a relatively straight coast largely free of reefs with active cliff erosion, the
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cliff blanketed by vegetated clifftop dunes. The second continues for 40 km to Cabo
Branco and contains the Paraiba River mouth with sandy beaches to either side and
some fringing and beachrock reefs, while the third extends for 50 km from Cabo
Branco to the Pernambuco state border and consists of eroding cliffs with narrow
beaches at their base sheltered by fringing reefs.

Pereira et al. (2016) divide the 200-km-long Pernambuco coast into three sec-
tions based on the level of beachrock control. The 70-km-long northern section has
near-continuous beachrock reefs backed by lower energy tide-modified beaches
(R + LTT); the 60-km-long central section, including Recife municipality, has mod-
erate beachrock control with both protected R + LTT beaches and more exposed
beaches with R + LTR (Fig. 1.13d) (Klein and Short 2016; Short and Klein 2016).
Along the 70-km-long southern section the reefs are discontinuous and wave energy
is higher at the shore resulting in predominantly rip-dominated R + LTR (Klein and
Short 2016; Short and Klein 2016).

Dominguez et al. (2016a) divide the 250-km-long Alagoas coast into three sec-
tions. The 160 km northern-central sector is dominated by beachrock and algal
reefs, lying between 1 and 4 km offshore (Klein and Short 2016; Short and Klein
2016). Like the Pernambuco coast, the reefs dominate the inshore wave climate,
lowering waves at the shore to maintain tide-modified predominately R + LTT
beaches and generating sandy bays and salients in the lee of the reefs (Klein and
Short 2016; Short and Klein 2016). The exposed reefs essentially cease at Lagoa do
Roterio beyond which is a 40-km-long section of higher energy wave and rip-
dominated beaches, with long near-continuous beaches down to the municipality of
Coruripe, where the next region begins (Klein and Short 2016; Short and Klein
2016). Region 4, while exposed to higher southerly waves, has considerable
beachrock influence which lowers waves at the shore and maintains many lower
energy reflective and some tide-modified beaches in amongst a generally higher
energy wave-dominated coast (Fig. 1.5b, region 4).

1.4.5 Region 5: Eastern Wave-Dominated Deltaic Coast

Between the Sdo Francisco delta and Cabo Frio lies the 2000-km-long “drip-feed”
wave-dominated deltaic coast (Dominguez 2009), which includes the southern sec-
tion of state of Alagoas and all of states of Sergipe, Bahia, Espirito Santo, and the
northern coast of the state of Rio de Janeiro (Figs. 1.5a and 1.14). This coast is
backed by a humid hinterland that feeds several rivers, including the large Sao
Francisco, together with the Jequitinhonha, Doce, and Paraiba do Sul, which have
deposited large protruding wave-dominated delta typified by the extensive regres-
sive protruding beach and foredune ridge plains (Klein and Short 2016; Short and
Klein 2016). These deltas “drip-feed” sediment to the coast. Between the deltas,
however, the coast is sediment deficient and the coastal tableland (Barreiras
Formation) and in places, Cretaceous and Precambrian rocks are exposed at the
shore forming cliffs and rocky headlands with the Barreiras Formation actively
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REGION 5
THE EASTERN DELTAIC COAST
Wave-dominalted & tide-modified beaches
# States: Sergipe, Bahia, Espirito Santo, Rio de Janeiro (north)
Boundaries: Coruripe & Cabo Frio
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Fig. 1.14 Coastal region 5 — the eastern wave-dominated deltaic coast. (Source: Klein and
Short 2016)

retreating in many places (Fig. 1.15a) (Klein and Short 2016; Short and Klein 2016).
The coast is also dominated by a reef-covered shallow inner shelf which results in
significant wave attenuation and refraction-diffraction over and around the reefs and
generally low waves at the shore (Klein and Short 2016; Short and Klein 2016).
While deepwater waves generated by the trades and southern swell average 1.5 m,



22 A. H. F. Klein and A. D. Short

Fig. 1.15 (a) A long section of active sea-cliffs, carved into the Barreiras formation south of the
city of Barra de Sdo Miguel (state of Alagoas) (Dominguez et al. 2016b); (b) dissipative beach
south of Sdo Francisco river and north of the city of Aracaju (state of Sergipe) (Dominguez et al.
2016b); (c) example of the transverse bar and rip intermediate beach south of Conde (state of
Bahia). (Photos: JML Dominguez; Dominguez et al. 2016c); and (d) beachrock reef at Jacuipe
(state of Bahia). (Photo: AD Short)

they are significantly lowered in the lee of the many reefs. Tides range from meso in
the north (2.5 m) to micro in the south (1.6 m), with beaches switching between
wave-dominated on exposed sections to tide-modified along sheltered sections
(Klein and Short 2016; Short and Klein 2016).

The wave-dominated Sao Francisco river delta dominates the southern 50 km of
the state of Alagoas coast and the first 50 km of the state of Sergipe coast. The
remaining 115 km of the state of Sergipe coast is dominated by three regressive bar-
riers bordered by wide tidal inlets, with low gradient multi-bar dissipative beaches
dominating the open shore (Fig. 1.15b).

The 1000-km-long state of Bahia coast contains 436 open coast beaches. As
Dominguez et al. (2016b) stated “There are various coastal landforms along the
Babhia coast, including cliffs and rivers, a wave-dominated delta, beach-ridge plains,
coral reefs, and large bays.” They go on to divide the coast into four sections. The
230-km-long Northern Littoral Coast extends down to city of Salvador. It trends
north-northeast and contains generally narrow stable to slightly erosional foredune
capped barriers and wave-dominated intermediate beaches (Fig. 1.15c), together
with Precambrian rock outcrops and beachrock reefs particularly in the south
(Fig. 1.15d). Its 90 beaches tend to be relatively short and bordered by reefs, rocks,
and tidal inlets. The Mesozoic Rifts Coast commences at Itaparica Island and
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extends 230 km south to city of Itacaré and is characterized by exposures of eroding
Mesozoic sedimentary rocks which result in a crenulate coastline fringed in places
by coral reefs. The variation in both wave energy, sediment source (lithic to carbon-
ate), and sediment size (0.1-0.9 mm) results in the 125 beaches ranging from reflec-
tive in the lee of reefs, to higher energy intermediate on exposed sections. The
Jequitinhonha River Deltaic Coast occupies the next 240 km of the coast. This sec-
tion has 70 generally longer beaches composed of fine sand and exposed to higher
waves, which maintain higher energy dissipative and intermediate beaches
(Figs. 1.15b, c), while near the river mouths coarser sand maintains more reflective
beaches. The 300-km-long southern Sediment Starved Southern Coast is dominated
by cliffed exposures of the Barreiras Formation (Dominguez et al. 2016b), which
supplies most of the sediment to the adjoining beaches. Numerous coral reefs line
the coast inducing wave attenuation and refraction and the formation of coastal
salients, including the large Caravelas and Corumbau salients. Because of the lower
wave energy, the 165 beaches are typically R to LTT.

The state of Espirito Santo has a 480-km-long coastline containing 327 beaches,
which occupy 71% of the coast, of which 25% are embayed and pocket beaches, 22%
located between eroding cliffs and abrasion terraces and 24% exposed sandy beaches
(Albino et al. 2016). The coast contains two sedimentary plains totaling 180 km in
length associated with the large Doce and Itabapoana river deltas. These contain
exposed sandy beaches which, depending on grain size, are either higher energy inter-
mediate (fine-medium sand) or dissipative (fine sand). South of the Doce River, the
coast is more crenulated with outcrops of the Barreiras Formation, crystalline rocks,
and Neogene sedimentary deposits forming the numerous smaller embayments and
cliffed-abrasion sections. The beaches here range from intermediate to reflective.

The northern coast of the state of Rio de Janeiro contains two sub-provinces
(Muehe and Lins-de-Barros 2016), the northern protruding Paraiba do Sul coastal
plain extends 180 km south of the border. Its beaches, while well exposed, vary in
state from intermediate to dissipative on the 90-km-long northern coast where sands
are finer (0.4 mm) to LTT to R along the southern coast where sands are coarser
(1.2 mm). The remaining 160 km of the coast down to municipality of Cabo Frio
consists of two sectors, the Macaé-Buzios coastal plain, and outcrops of the rocky
basement, which form major promontories at the municipalities of Macaé, Cape
Buzios, and Cabo Frio, resulting in a series of smaller embayed beaches of variable
energy and ranging from reflective to intermediate. Figure 1.5b indicates the gener-
ally high energy wave-dominated nature of the beaches in this region.

1.4.6 Region 6: Southeast Wave-Dominated
Rocky-Embayed Coast

At Cabo Frio, there is a major change in coastal orientation, coastal processes, and
beach systems. The east-facing often sheltered beaches to the north give way to the
initially south-facing more exposed beaches to the south contained within the Sdo
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Paulo Bight. The moderate energy trade wind waves to the north are replaced by the
persistent higher southerly swell. Also, the crystalline rocks of the Serra do Mar
mountain range dominate much of the coast, controlling the coastal orientation, and
result in considerable rocky shores and numerous embayed and pocket beaches.
This 1700-km-long region includes the southern coast of the state of Rio de Janeiro,
the coast of the states of Sdo Paulo and Parana, and the coast of the state of Santa
Catarina down to Cabo Santa Marta (Figs. 1.5a and 1.16).

The southern coast of the state of Rio de Janeiro is dominated by the Serra do
Mar mountains. The south-facing coast is heavily indented, containing the larger
Guanabara, Sepetiba, and Ilha Grande bays and numerous rocky bays and embay-
ments of varying lengths. In the rocky sections, there are 242 open coast beaches
and 647 smaller beaches within the bays. The beaches range from small pockets of
sand to several long barriers in the east and west, including the 42-km-long
Marambaia beach. The open coast beaches are generally well exposed to the south-
erly waves and micro-tides are all wave-dominated. The main control on the beach
state is sand particle size, which ranges from 0.15 to 1.0 mm (Muehe and

REGION 6
SOUTHEAST ROCKY EMBAYED COAST
Wave-dominated beaches
States: Rio de Janeiro (south), Séo Paulo, Parana, Santa Catarina [
Boundaries: Cabo Frio & Cabo de Santa Marta :
=
D CABO FRIO
Tropic of Capricorn
SOUTHATLANTIC
OCEAN
: N
CABO DE SANTA MARTA A
0 75 150
]

Fig. 1.16 Coastal region 1 — the southeast wave-dominated rocky-embayed coast. (Source: Klein
and Short 2016)
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Lins-de-Barros 2016). The coarser sand maintains steep reflective beaches, while
the finer sand maintains intermediate beaches (Fig. 1.17a).

The state of Sd@o Paulo has 670 m of coastline containing 242 beaches. Mahiques
etal. (2016) divide the coast into six sectors, all of which are dominated by the Serra
do Mar crystalline massif. The highly indented Northern Scarps Coast contains a
series of small bays and islands, with the 280 km of mainland shore containing 155
small wave-dominated beaches, which, depending on exposure and sand size, range
from reflective to dissipative. In contrast, the 50-km-long Bertioga coastal plain
contains just nine beaches, dominated by four higher energy intermediate to dissipa-
tive beaches. The 90-km-long Santos sector is more heavily indented, with variable
orientation, and contains 35 embayed beaches which range from reflective to inter-
mediate depending on exposure. South of Santos (Fig. 1.16) is 260 km of southeast-
facing coast containing two long coastal plains (Itanhaém-Peruibe and
Cananéia-Iguape) separated by rocky-embayed sections. The long beaches are
intermediate to dissipative, while the intermediate type tend to dominate the
embayed beaches.

Fig. 1.17 (a) Barra da Tijuca beach (state of Rio de Janeiro) with transverse bars and well-
developed rip channels. (Photo: Flavia Lins-de-Barros; Source: Muehe and Lins-de-Barros 2016);
(b) beach and mud flats at Tijucas (Santa Catarina state). (Source: Klein et al. 2016); (c) embayed
beach with transverse bars and rips at Galheta (state of Santa Catarina). (Source: Klein et al. 2016);
and (d) reflective beach and cusps at Estalerio (state of Santa Catarina). (Photos: AD Short; Source:
Klein et al. 2016)
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The state of Parand coast is just 150 km long and dominated by a wide regressive
coastal plain, with the Serra do Mar mountains located up to 50 km inland. The
coast has just 32 beaches separated by inlets and some rocky headlands. The exposed
beaches dominate the coast with beach type depending on grain size ranging from
predominantly fine sand dissipative to intermediate. The sandy beaches extend into
the large tidal inlets where they become more tide-modified to tide-dominated
(Angulo et al. 2016) (Fig. 1.5b).

The Serra do Mar mountains return to the coast along much of the state of Santa
Catarina coast down to Cabo Santa Marta (Fig. 1.16), the southern boundary of this
region. This 576 km section contains 240 beaches, which occupy 60% of the coast,
the remainder being rocky. Klein et al. (2016) divide the Santa Catarina coast into
five sub-provinces. The first from the border to Farol Cabecudas tends to have lon-
ger exposed intermediate to dissipative beaches. This is followed by a heavily
indented rock-dominated section that extends down to the entrance to North Bay.
This sub-province contains numerous smaller embayed reflective beaches with vari-
able orientation as well as the tide-dominated Tijucas located in a very sheltered
mud-rich embayment (Fig. 1.17b). The rock-dominated Santa Catarina Island forms
the next section that has a mix of exposed intermediate and sheltered reflective
beaches (Fig. 1.17c, d). The backing South Bay (fourth sub-province) contains the
southernmost mangroves in South America and 392 generally short tide-modified to
tide-dominated beaches. The final section down to Cabo Santa Marta remains rock-
dominated with 37 generally well-exposed embayed intermediate beaches occupy-
ing the 87 km of east-facing coast. Figure 1.5b (Region 6) illustrates the dominance
of higher energy wave-dominated beaches, together with some tide-modified
beaches in sheltered locations.

1.4.7 Region 7: Wave-Dominated Beaches and Barrier Coast
of Rio Grande do Sul

The southernmost region extends from Santa Catarina’s Cabo Santa Marta down to
Chuf at the border between state of Rio Grande do Sul and Uruguay a distance of
735 km (Figs. 1.5a and 1.18). It contains 12 long beaches all composed of fine sand
and facing east-southeast into the prevailing southerly swell, which drives substan-
tial northerly longshore sand transport (Motta and Toldo Jr 2013). The beaches are
all higher energy dissipative (Fig. 1.19a), with bar numbers ranging from two to
four depending on grain size. Rips can however dominate the inner bar (Fig. 1.19b;
Calliari and Toldo Jr 2016). The beaches are part of the longest and largest barrier
systems in South America and are all backed by episodes of massive dune transgres-
sion which trends south under the prevailing northerly winds. The wave-dominated
beach system is essentially fully dissipative along its entire length, the only varia-
tion being the sand size, which ranged from 0.125 to 1.4 mm and the consequent
number of bars. The coarser sand (0.35-1.4 mm) maintains two shore-parallel bars,
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REGION 7
SOUTHERN BARRIER-DUNE COAST
Wave-dominated beaches
| States: Santa Catarina (south), Rio Grande do Sul
Boundaries: Cabo de Santa Marta & Chuy

e 7 T

7.
*/CABO DE SANTA MARTA

SOUTHATLANTIC
OCEAN

Fig. 1.18 Coastal region 1 — the southern wave-dominated barrier coast. (Source: Klein and

Short 2016)

Fig. 1.19 (a) Dissipative beach with three bars (1, 2, 3) at Camacho (SC) typical of the long
beaches of region 5; and (b) high energy intermediate beach at Cabo Santa Marta. (Photos:
AD Short)
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while areas of finer sand (0.125-0.2 mm) result in three to occasionally four bars.
The surf zone averages 300400 m in width increasing to up to a kilometer during
high waves. The 242-km-long stretch of beach between Hermenegildo and Cassino
beaches is the longest beach in South America and one of the longest beaches in the
world. Thirty kilometers north of Hermenegildo beach the beach is composed of
20-60% of shell fragments and coarse sand (Concheiros do Albardao) (Calliari and
Klein 1993).

1.5 Final Remarks

The 9000-km-long Brazilian coast has a considerable range in coastal environments
and beach types. At either end are the low gradient coasts dominated by the fine
sediments and tropical climate of the Amazon in the north (Amap4 and Par4 states)
and some of the world’s longest beach-barrier dune systems along the more temper-
ate southern Rio Grande do Sul coast. In between is the northeast coast where the
low eroding cliffs of the Barreiras Formation both supplying sediment to the coast
and forming reefs, cliffs and headlands, while offshore beachrock and coral reefs
exert considerable influence of wave and beach behavior. South of Cabo Frio granite
rocks form islands, reefs, and headlands resulting in a more embayed coastline.
When the coastal processes and sediments are added to the geological influence, the
coast becomes more complex with tides ranging from 1 to 11 m, waves from very
low seas to higher and longer southern swell, and sediments from fine sand to coarse
shelly grit. In amongst this long and varied coast are over 4000 beaches, each of
which reflects the interaction of the climate, geology, waves, tides and sediment,
and more recently human impact.

The beaches can be classified by the tide range and wave height into wave-
dominated, tide-modified, and tide-dominated which contain 13 separate beach
states, with two additional states covering beaches fronted by rock or (coral) reefs
flats. All three beach types and 15 beach states are found along the Brazilian coast.
However, regional variation in waves and tides allows the coast to be divided into
seven distinct regions each of which reflects the combination of these processes act-
ing on the regional geology and sediment availability.

Brazil has a magnificent coast dominated by its many beach systems, a coast
which attracts both Brazilian and international visitors. Since the 1970s, this attrac-
tion has seen the rapid expansion of most coastal towns and communities, prolifera-
tion of long ribbon strips of “second homes,” numerous resorts and infrastructure,
much extending onto the beach and foredune. The often hazardous location of many
of these developments has led to the construction of often protective works, such as
rocky groynes and seawalls, while many discharge sewer onto the beach, taller
structures overshadow the beach, and congestion, noise, and pollution reins during
the summer month. Humans are now having a massive impact on Brazil’s beaches,
most of it adverse. In addition, visitors are attracted to beaches that are inherently
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dangerous, with rip currents common and strong tidal flows at the many inlets, all
leading to a large increase in public risk, injuries, and drowning.

As Short and Klein (2016) concluded “The future of Brazil’s coasts and beaches
requires greater scientific knowledge of the coast and its behavior; better coastal
management that is regulated and enforced; and an expansion of beach safety
resources to ensure Brazilians can enjoy the beach in greater safety.” Given the
length of the coast and with a wide variety of coastal environments and beach set-
tings, this will require more detailed regional and local studies so that management
plans can be adapted to the wide range of coastal and environments.

Acknowledgments We thank the reviewers Alexander Turra, Helio Checon, Cecilia Amaral, and
Guilherme Corte for their many helpful comments, which substantially improved the chapter.

References

Albino J, Neto NC, Oliveria TCA (2016) The beaches of Espirito Santo. In: Short AD, Klein AHF
(eds) Brazilian beach systems. Springer, Dordrecht

Angulo RJ, Borozone CA, Noenberg MA et al (2016) The state of Parana beaches. In: Short AD,
Klein AHF (eds) Brazilian beach systems. Springer, Dordrecht

Calliari JJ, Klein AHF (1993) Caracteristicas morfodindmicas e sedimentoldgicas das praias
ocednicas entre Rio Grande e Chui -RS. Pesqui em Geocienc 20(1):48-56

Calliari LJ, Toldo EE Jr (2016) Ocean beaches of Rio Grande do Sul. In: Short AD, Klein AHF
(eds) Brazilian beach systems. Springer, Dordrecht

Dillenburg SR, Hesp PA (2009) Geology and geomorphology of Holocene coastal barriers of
Brazil. Springer, Berlin

Dominguez JML (2006) The coastal zone of Brazil: an overview. J Coast Res S139:16-20

Dominguez JML (2009) The coastal zone of Brazil. In: Dillenburg SR, Hesp PA (eds) Geology and
geomorphology of Holocene coastal barriers of Brazil. Springer, Berlin

Dominguez JML, Bittencourt ACSP, Nascimento AS et al (2016a) The sandy beaches of the states
of Sergipe and Alagoas. In: Short AD, Klein AHF (eds) Brazilian beach systems. Springer,
Dordrecht

Dominguez JML, Bittercourt ACS, Nascimento L et al (2016b) Beaches in the state of Bahia- the
importance of geological setting. In: Short AD, Klein AHF (eds) Brazilian beach systems.
Springer, Dordrecht

Dominguez JML, Neves AS, Bittencourt ACSP (2016¢) Sandy beaches of the states of Paraiba:
the importance of geological heritage. In: Short AD, Klein AHF (eds) Brazilian beach systems.
Springer, Dordrecht

Dunne T, Mertes LAK, Meade RH et al (1998) Exchanges of sediment between the flood plain and
channel of the Amazon River in Brazil. Geol Soc Am Bull 110:450-467

Gibbs RJ, Matthews MD, Link DA (1971) The relationship between sphere size and settling veloc-
ity. J Sediment Petrol 41:7-18

Gourlay MR (1968) Beach and dune erosion tests. Delft Hydraulics Laboratory, Report
No.M935/M936

Klein AHF, Short AD (2016) Brazilian beach systems. In: Short AD, Klein AHF (eds) Brazilian
beach systems. Springer, Dordrecht

Klein AHF, Short AD, Bonetti J (2016) Santa Caterina beach systems. In: Short AD, Klein AHF
(eds) Brazilian beach systems. Springer, Dordrecht



30 A. H. E. Klein and A. D. Short

Mahiques MM, Siegle E, Alcantara-Carri6 J et al (2016) The beaches of the state of Sao Paulo. In:
Short AD, Klein AHF (eds) Brazilian beach systems. Springer, Dordrecht, pp 397-418

Masselink G, Short AD (1993) The effect of tide range on beach morphodynamics and morphol-
ogy: a conceptual model. J Coast Res 9:785-800

Morais JO, Pinheiro LS, Medeiros C et al (2006) The gabions for the protection of Caponga Beach,
Ceard, Brazil: hazards and management. J Coastal Res SI 39:848-851

Motta LM, Toldo EE Jr (2013) Regional sediment budget in wave-dominated dissipative-
intermediate beaches. J Mar Res 73:49-69

Muehe D (2003) Beach morphodynamics research in Brazil: evolution and applicability. J Coast
Res SI 35:32-42

Muehe D, Lins-de-Barros F (2016) The beaches of Rio de Janerio. In: Short AD, Klein AHF (eds)
Brazilian beach systems. Coastal Research Library, Springer, Dordrecht, pp 363-369

Paula JEA, Morais JO, Baptista EMC, Gomes ML, Pinheriro LS (2016) Piaui beach systems. In:
Short AD, Klein AHF (eds) Brazilian beach systems. Springer, Dordrecht, pp 153-174

Pereira PS, Aratijo TCM, Manso VA (2016) Tropical sandy beaches of Pernambuco state. In: Short
AD, Klein AHF (eds) Brazilian beach systems. Coastal Research Library, Springer, Dordrecht,
pp 251-279

Pereira LCC, Vila-Concejo A, Short AD (2016a) Coastal morphodynamic processes on the macro-
tidal beaches of Para state under tidally modulated wave conditions. In: Short AD, Klein AHF
(eds) Brazilian beach systems. Springer, Dordrecht, pp 95-124

Pereira LCC, Nascimento WT, Silva IR et al (2016b) Maranhdo beach systems, including the
human impact on Sao Luis beaches. In: Short AD, Klein AHF (eds) Brazilian beach systems.
Springer, Dordrecht, pp 125-152

Pinheiro LS, Morais JO, Maia LP (2016) The beaches of Ceara. In: Short AD, Klein AHF (eds)
Brazilian beach systems. Springer, Dordrecht, pp 175-199

Rodrigues MG, Nicolodi JL, Gutiérrez OQ et al (2016) Brazilian coastal processes: wind, wave
climate and sea level. In: Short AD, Klein AHF (eds) Brazilian beach systems. Springer,
Dordrecht, pp 37-66

Santos VF, Short AD, Mendes AC (2016) Beaches of the Amazon coast: Amapd and West Para.
In: Short AD, Klein AHF (eds) Brazilian beach systems. Coastal Research Library, Springer,
Dordrecht, pp 67-93

Short AD (1999) Wave-dominated beaches. In: Short AD (ed) Beach and shoreface morphodynam-
ics. Wiley, Chichester, pp 173-203

Short AD (2006) Australian beach systems — nature and distribution. J Coast Res 22:11-27

Short AD, Jackson DWT (2022) Beach morphodynamics. In: Shroder JJF (ed) Treatise on geo-
morphology, vol 8. Elsevier, Academic Press, pp 199-229. https://doi.org/10.1016/B978-0-1
2-818234-5.00052-3

Short AD, Klein AHF (2016) Brazilian beach systems: review and overview. In: Short AD, Klein
AHF (eds) Brazilian beach systems. Springer, Dordrecht, pp 573-608

Short AD, Woodroffe CD (2009) The coast of Australia. Cambridge University Press, Melbourne

Vital H, Silveira IM, Tabosa WF et al (2016) The beaches of Rio Grande do Norte. In: Short AD,
Klein AHF (eds) Brazilian beach systems. Springer, Dordrecht, pp 201-229


https://doi.org/10.1016/B978-0-12-818234-5.00052-3
https://doi.org/10.1016/B978-0-12-818234-5.00052-3

®

Check for
updates

Chapter 2
Primary Producers

Clarisse Odebrecht, Andrea de Oliveira da Rocha Franco, Paulo Horta,
and Leonardo Rubi Rorig

2.1 Introduction

The great extension and physiographic diversity of the Brazilian coast (Chap. 1)
favor the presence and predominance of different groups of primary producers
according to the local characteristics. On sandy beaches, microscopic unicellular
microalgae provide the organic matter and energy fueling the diversification of food
webs, but the absence of visible vegetation leads to the wrong assumption of marine
deserts.

Under optimal conditions, such as adequate availability of nutrients and sunlight,
microalgae present a high growth rate due to their reproduction predominantly by
vegetative division, up to more than two divisions per day or about ten generations
per week. They are present in the water column (phytoplankton) and on the sedi-
ment (microphytobenthos), the latter including psammic species (i.e., living among
sand grains) and epipsammic (i.e., living attached to grains of sand).
Microphytobenthos can accumulate on the surface of the sediment at high densities
forming a photosynthetic biofilm that performs important ecological functions
including participating in the flow and cycling of carbon and nutrients, underpin-
ning water marine food webs, and stabilizing sediments. In the surf zone of sandy
beaches, due to the turbulent wave action that suspends material from the bottom,
the microalgae generally include benthic species, that is, organisms present in the
plankton whose main habitat is benthic (tychoplankton). Primary producers may be
composed of neritic and oceanic species, and this varied set of organisms provides
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an important indicator of environmental conditions, including water quality, the
influence of ocean currents in the coastal region, the presence of invasive species,
and ecosystem changes due to anthropogenic impacts and the global climate change.

In addition, several macroalgae can be found forming deposits on sandy beaches
along the Brazilian coast. Macroalgae grow especially on rocky shores and rocky
bottoms of shallow and lighted areas of the continental shelf. Eventually, they are
torn and dragged and transported to the coast, forming wracks that cause ecological
disruption and stress to the human population, but they also provide an input of
organic matter that may shape the structure and functioning of sandy-beach ecosys-
tems (Hyndes et al. 2022).

In this chapter, we review what is known about primary producers at sandy
beaches in Brazil, as well as the impacts of coastal eutrophication in these environ-
ments, and knowledge gaps. First, we synthesize the main results to find some pat-
terns regarding the spatial and temporal variability of biomass, species composition
of microalgae along the Brazilian coast, and evaluate how they are influenced by
environmental factors. Next, we discuss the presence and consequences of potential
harmful microalgae, as well as the quite usual phenomenon of macroalgae beach
stranding. Finally, we address the consequences of eutrophication on the beach flora
and fauna through a case study.

2.2 Microalgae Studies in Brazilian Sandy Beaches

The microalgae of sandy beaches have been studied in all geographical regions of
the Brazilian coast. The earliest records refer to diatom species by Karl Zimmermann
in a series of studies developed between 1913 and 1919 and published in Brotéria,
Revista Luso-Brazileira: Botanica. The importance of this early contribution to the
taxonomy and distribution of diatoms in Brazil was highlighted in some studies
such as Gomes et al. (2012); however, the names of the sampled beaches were not
registered. Checklists of marine and estuarine diatoms and species ecological data
were provided in the 1990s by Moreira Filho and collaborators, including sandy
beaches from the northern to the southern regions of Brazil (Moreira Filho et al.
1990, 1993, 1996, 1999). Species lists of all microalgae groups and, more recently,
their fine taxonomy based on electron microscopy are available for some beaches.
Since the 1970s, the taxonomic focus has changed to the functional role of microal-
gae as the base of sandy-beach food webs, although their importance has been rec-
ognized very early (Gliesch 1925).

In this chapter, we review and analyze scientific articles, thesis and disserta-
tions, proceedings, and scientific news dealing with planktonic, tychoplanktonic,
and psammic microalgae of Brazilian sandy beaches (Table 2.1), except taxo-
nomic studies of a single species, which were not included in this chapter. The
microalgae biodiversity has been studied on 93 beaches of different types (embay-
ments, exposed, dissipative to reflective, variable river influence), subjected to
contrasting tidal regimes from macrotidal (Pard, N Brazil, 7 beaches), to
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Table 2.1 Microalgae studies in Brazilian beaches, including the beach name, location, sampling
year and frequency, parameters, presence of patches/deposits at the surf zone or sand and respective

references
Sampling
year and
Beach name and location frequency | Analysis Patches | Reference
North Brazil
Princesa, PA, 00°34.5’S 2008, 2009. | PhyP1 QN, QL No Matos et al. (2012,
Wet, dry, (mesh 64 pm), Chl, 2013)
nict PH, CH
Atalaia, PA, 00°37'11”S 2008, 2009. | PhyP1 QN, QL No Costa et al. (2013)
Wet, dry, (mesh 64 pm), Chl,
nict PH, CH
Cajutna, PA, 00°38’52.08”S | 2006 SED DIAT: No Ribeiro et al. (2007)
semi-QN
Garrote, PA, 00°43’45.6”S | 2006 SED DIAT: No Ribeiro et al. (2007)
semi-QN
Ajuruteua, PA, 00°49'9.4”S | 1994, 1995, | PhyPl QN, QL No Costa et al. (2011),
2004, 2005, | (mesh 64 pm), Chl, Santana et al. (2005),
2008, 2009. | PH, CH Melo et al. (2005),
Wet, dry, and Matos et al.
nict, (2016)
monthly
Itupanema, PA, 01°31703”S | 2006 SED DIAT: No Ribeiro et al. (2007,
semi-QN 2008)
Canela, PA, 01°46'37.2"”S 2004, 2005. | PhyPl QN, QL No Sousa et al. (2008,
Wet, dry, (mesh 64 pm), Chl, 2009)
nict PH
Northeast Brazil
Futuro, CE, 03°44'S 1990, PhyPI QN, QL, DIAT | Tahim et al. (1990),
1995-1998, | Chl, PH, CH Pereira da Costa et al.
2011-2012, (1997, 1998), and
2014 Franco et al. (2016,
2018)
Carne de Vaca, PE, 1998. PhyP1 QN, QL No Campelo et al.
07°3440-53"S Biweekly | (mesh 65 pm) (2001/2002)
Casa Caiada-Rio Doce, PE, | 1998, 1999. | PhyPl1 QN, QL No Pereira et al. (2005)
07°5726"S-07°59'55"S Wet, dry (mesh 65 pm), PH,
CH
Brasilia Teimosa, Boa 2005, 2006. | PhyPl QN, QL No Ferreira et al. (2010,
Viagem, Piedade, PE, Wet, dry (mesh 45 pm), Chl, 2013)
08°04’S-08°11’S PH, CH
Tamandaré, PE, 08°45’S 1961, 1963, | PhyPl QL, (mesh | CY Saté et al.
1989-1990, | 50 pm), Chl, PrPr, (1963/1964), Moura
1998-1999. | AssNr, PH and Passavante (1993,
Monthly 1994/1995), and

Rosevel da Silva et al.
(2005)

(continued)
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Table 2.1 (continued)
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Sampling
year and
Beach name and location frequency | Analysis Patches | Reference
Barra Propria to Vaza- 1994 Water filtered DIAT | Franco (1998)
Barris to Barra Piaui Fundo (mesh 50 pm),
Real, SE, 10°50-11°28’S PhyPI QN, QL, PH
Adjacent to Rio Real, BA, |2013, 2014, | PhyPl QN, QL No Alves (2017)
11°29'S 2015. Wet, | (mesh 30 pm), Chl,
dry PH, CH
Sargi, Ponta da Tulha, 2004-2005. | PhyP1 QN, QL DIAT | Tedesco (2006) and
Milionarios, Cururupe, BA, | Biweekly (mesh 20 pm), Chl, Tedesco et al. (2017)
14°30'-15°05’S PH, CH
East Brazil
“Beaches, RJ, 2007 250 L. DINO No Menezes et al. (2007)
22°59-23°00"S QL. Phycotoxins
HPLC
bBeaches, SP, 23°20'-25°S | 2005-2006. | PhyPI semi-QN, No Villac and Noronha
Monthly QL (mesh 20 pm), (2008) and Villac
T, S et al. (2008)
Itanhaém, SP, 24°11’S 1978 PhyP1 QN, QL DIAT | Zavala-Camin and
Yamanaka (1980)
‘Beaches, SP, 1980 PhyP1 QN, Chl DIAT | Tommasi and
23°45-23°55’S Navas-Pereira (1983)
South Brazil
Pontal do Sul, PR, 1988-1989. | PhyPl QN, QL No Rezende and Brandini
25°34'16"S Weekly (mesh 50 pm), PH (1997)
Balnedrio Village, PR, 2008 SED PhyBe, QL, FL Braga (2008)
25°36'S QN, Chl, PH
Navegantes, SC, 26°52’S 1996-1997, | PhyPl QN, QL, DIAT | Rorig et al. (1997)
2006-2007 | Chl, PH and Macedo (2007)
Navegantes, SC, 26°52'S 2009, 2013 | As. glacialis, An. DIAT | Macedo (1999) and
Balnedrio Rincdo, SC, Australis strains Rorig et al. (2017a)
28°50’'S ECOPH
Camborid, SC, 27°S 2011-2013 | DIAT QL (mesh DIAT | Rorig et al. (2017b)
20 pm), semi-QN,
SED, DIAT strains.
Lipids, TOC,
ECOPH
Ponta das Canas, SC, 1991-1992 | PhyPl QN, QL No Cardoso (1993, 1994,
27°23'S (mesh 25 pm), PH 1998)
Sol, Gi, Ir6, Mar Grosso, 2006 SED DIAT infout | DIAT | Netto and Meneghel
SC, 28°25"-28°29’S deposits. Chl, PH, (2014) and Dutra and
CH Garcia (2016)
9Beaches, SC and RS 1995, 1996, | SED PhyBe DIAT Garcia et al. (2012)
2001, 2002 and Garcia (2016)

(continued)
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Table 2.1 (continued)

Sampling
year and
Beach name and location frequency | Analysis Patches | Reference
Azul, RS, 29°29’S 1990-1991. | SED, PhyBe, QN, |DIAT, | Garcia-Baptista
Monthly, QL, PH, CH FL, CY | (1993, 1995)
annual cycle
Jardim Beira-Mar, RS, 1987-1988. | SED, PhyBe DIAT | No Garcia-Baptista and
29°43'S Monthly Baptista (1992)
Atlantida to Rainha do Mar, | 1971. Visual, patches. DIAT | Aguiar and Corte-
RS, 29°44’-29°52’S Monthly PhyPl, DIAT QL Real (1973)
Tramandai, RS, 29°59’S 19761977, | PhyPl QL (mesh No Rosa (1982), Kremer
2011 48/64 pm), PH and Rosa (1983), and
Jardim and Cardoso
(2013, 2015)
Capao da Canoa, Cidreira, | 2008 Visual, PhyPI QN, | DINO | Cardoso (2012)
Pinhal, RS, 29°46"-30°15’S QL (mesh 64 pm)
Mar Grosso, Tavares, 2003, 2004 | Chl, PrPr, PH, CH | Yes Niencheski et al.
Mostardas, RS (2007)
30°38'-32°03'S
Cassino to Chui, RS, 1992 PhyP1 QN, QL DIAT | Rorig (1997)

32°12-33°45'S
Cassino, RS, 32°12"22"S 1992-2017. | PhyP1 QN, QL, DIAT | Gianuca (1983),

Every Chl, PrPr, PH, CH, Reynaldi (2000),
2 days, ECOPH Rorig and Garcia
weekly, (2003), Rorig et al.
monthly, (2006), Maria et al.
long term (2016), Odebrecht

et al. (1995, 2003,
2010, 2014), Garcia
and Odebrecht (2009),
Piedras and Odebrecht
(2012), and Abreu
etal. (2017)
Hermenegildo, RS, 1978, 1979, | PhyPI QN, QL Machado (1979) and
33°40'-33°45’S 1980, 1981 | (mesh 48 pm) Rosa and Buselato
(1981)

Abbreviations: Nict nictemeral, PhyPl phytoplankton, PhyBe phytobenthos, QN quantitative, QL
qualitative, SED sediment, DIAT diatoms, DINO dinoflagellates, FL flagellates, CY cyanobacteria,
Chl chlorophyll a, PrPr primary production, AssNr assimilation number, PH physical factors, CH
chemical factors, ECOPH ecophysiology. States in Brazil: PA Pard, CE Ceard, PE Pernambuco, SE
Sergipe, BA Bahia, RJ Rio de Janeiro, SP Sao Paulo, PR Parana, SC Santa Catarina, RS Rio
Grande do Sul

aRJ: Arpoador, Ipanema, Leblon, Sao Conrado, Joatinga Amores, Pepé, Barra da Tijuca

°SP: Picinguaba, Itagud, Enseada, Lagoinha-Eng Velho, Tabatinga, Indaid, Porto Grande,
Barequecaba, Juquei-Faustino, Sino, Boraceia, Enseada-Indaid, Enseada, Estr Pernambuco,
Gonzaga, Gonzaguinha, Ocian, Parque Balneario, Guarad, Juréia, Pontal

°SP: Miliondrios, Itararé, José Menino, Ponta da Praia, Enseada, Pernambuco, Bertioga, Indai4,
S. Lourenco, Boracéia

4SC: Penha, Sdo Miguel, Navegantes, Perequé, Ara¢d, Bombas, Quatro Ilhas, Mariscal, Canto
Grande, Zimbros, Guarda do Embad, Gamboa, Sirit, Garopaba, Itapiruba, Ir6, Mar Grosso; RS:
Tramandai, Cassino
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mesotidal (Piaui, NE Brazil, to Pernambuco, NE Brazil, 8 beaches) and microtidal
(Alagoas, NE Brazil, to Rio Grande do Sul, S Brazil, 78 beaches), and diverse
trophic conditions from oligotrophic to highly eutrophic sandy beaches (Table 2.1).
A great heterogeneity of sampling strategies and frequency is evident among
these studies and varies according to the objectives. In most studies, one to three
sites were sampled at a single or few beaches, but it is noteworthy that some stud-
ies included as much as 20 beaches in the states of Sao Paulo (Villac and Noronha
2008; Villac et al. 2008), Santa Catarina, and Rio Grande do Sul (Garcia 2016).
The length of the beaches varies greatly, from a few tens of meters to extensive
beaches with hundreds of kilometers at the extreme southern coast (Roérig 1997,
Rorig and Garcia 2003; Rorig et al. 2006; Niencheski et al. 2007; Odebrecht et al.
2010, 2014).

The various studies targeting surf diatoms involved sampling different sectors of
the beach ecosystem, including the water column (plankton) in the inner surf zone
and behind the surf zone (nearshore), the bottom sediment behind the surf zone and
the sediment from intertidal areas, from the swash zone to near the foredunes.
Sampling devices used for qualitative and quantitative analysis of phytoplankton
were, respectively, horizontal tows with plankton nets (25, 48, or 64 pm mesh-size),
and bottles, buckets, or flasks. Rorig and Garcia (2003) collected vertically inte-
grated (1 m) water samples with a hose. Sediment samples were taken with PVC
tubes or scraping the sand surface. The main fixatives used were formaldehyde
(0.4-4%) and Lugol’s solution, but also Transeu (Rosa and Buselato 1981; Alves
2017). Cell density was estimated mostly using sedimentation chambers and the
Utermohl method, and more rarely Sedgewick Rafter chambers. Semi-quantitative
analyses of diatoms were performed on the chambers, permanent or semi-
permanent mounts.

The sampling frequency comprised several time scales ranging from high fre-
quency (e.g., every few hours for the determination of nictemeral variation or
twice a day considering the ebb/flood cycle) to seasonal (e.g., wet and dry sea-
sons) or annual variations (Table 2.1). One ongoing long-term study was set in
1994 at Cassino Beach, southern Brazil (Odebrecht et al. 2010, 2014; Abreu et al.
2017), contributing to the Brazilian Long-Term Ecological Research (BR-LTER)
program.

The aim of the studies varied from the identification of a group of species and
floristic lists to ecological approaches aiming to explain spatial and temporal distri-
bution patterns of microalgae based on physical and chemical variables. Density
and biomass data are more common, while primary production estimates are scarce
and only available on the Northeast (Moura and Passavante 1993) and South
Brazilian coast (Reynaldi 2000; Niencheski et al. 2007). Studies regarding the eco-
physiology of microalgae and trophic interactions are more recent (Piedras and
Odebrecht 2012; Rorig et al. 2017a, b).
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2.3 Microalgae Biomass and Distribution

The biomass yield of the microalgae growing in the surf zone and sediments of
sandy beaches depends on several factors, such as irradiance, salinity, the proximity
to nutrient sources (mainly nitrogenous elements, silicate, and phosphate, but also
on microelements such as iron), and the grazing intensity. However, the occurrence
and growth of microalgae species are mainly determined by physical factors, such
as morpho- and hydrodynamics (e.g., grain size, wave regime, currents, and tides),
meteorological patterns (e.g., wind direction and intensity), the degree of beach
exposure to wave action, and the orientation of the shoreline. High wave energy
conditions and extensive surf zones with flat slope and fine sediments are located at
one end of the beach morphodynamic gradient, the so-called dissipative state. At the
other extreme are beaches with steeper slope, coarser sediment size, lower expo-
sure, and narrow surf zone, typical of reflective states. In between these extremes,
intermediate and/or alternating conditions are common (Chap. 1). Dissipative and
intermediate sandy beaches with high wave energy and a high degree of exposure to
wave action tend to favor the occurrence of diatom accumulations (Fig. 2.1a—c),
characterizing highly productive ecosystems (McLachlan and Defeo 2018).

The phenomenon of diatom accumulations, reaching up to 10° cells L7}, is
observed in the surf zone of dissipative and intermediate sandy beaches around the
world (Odebrecht et al. 2014). In Brazil, the accumulation of diatoms forming
patches in the surf zone was first mentioned by Buckup (1967) in South Brazil.
However, brownish to greenish patches are formed in several intermediate to dissi-
pative sandy beaches from the Northeast to the extreme South, due to the accumula-
tion of a few phylogenetically unrelated diatom species in the surf zone (Odebrecht
et al. 2014). On the other hand, reflective beaches lack resident surf-zone microal-
gae populations.

Microphytobenthos is more important in sheltered beaches subjected to a large
tidal range where the taxonomic composition results from an interaction of factors,
but typically, muddy sediments are dominated by diatoms while more diverse popu-
lations, dominated by euglenoids and cyanobacteria, prevail in sandy sediments
(Jesus et al. 2009)

2.3.1 Inorganic Nutrients, Chlorophyll a,
and Primary Production

Microalgae biomass, as chlorophyll a (Chl) concentration, was measured in the surf
zone water or sediments of 22 sandy beaches from the tropics to the warm temperate
regions, while dissolved inorganic nutrients (DIN) was assessed in ten beaches and
primary production in two beaches only (Table 2.1). Four beaches were located on
the macrotidal beaches of the state of Pard, four on the mesotidal coast of the state
of Ceara (1) and of the state of Pernambuco (3), and 14 beaches on the microtidal
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Fig. 2.1 Surf-zone diatom accumulations: Asterionellopsis guyunusae at (a) Torres Beach.
(Photo: Stela Valenti Raupp) and (b) Cassino Beach. (Photo: Ella Soares Pereira), state of Rio
Grande do Sul. (¢) Anaulus australis at Futuro Beach, state of Ceard. (Photo: Andrea Oliveira
RochaFranco). Note that water color is associated with distinct diatom species. (d) Bioluminescence
at night of the dinoflagellate Noctiluca scintillans at Tramandai Beach, state of Rio Grande do Sul.
(Photo: Eduardo Beleske)

coastal region of Brazil extending from the state of Bahia (NE Brazil) to Rio Grande
do Sul (S Brazil). Despite the great heterogeneity, some spatial and temporal pat-
terns were recognized. In the North region, a strong association was observed
between higher phytoplankton biomass (average Chl maxima 9-60 pg/L) and the
rainfall season in the four dissipative beaches studied. The rainy period was associ-
ated with high values of dissolved inorganic nutrients (DIN), particularly of silicate,
which presented the highest average maxima (248-332 pM), compared to values of
nitrite (average min-max 0.1-2.1 pM), nitrate (1.1-16.2 pM), and phosphate
(<0.1-1.2 pM) (Costa et al. 2013; Matos et al. 2012, 2016).

In the northeastern region, at the mesotidal Futuro Beach, state of Ceard, Chl was
also higher during the rainy season (mean: 150.5 + 201 pg/L; median: 68.8 pg/L)
and was associated with diatom accumulations (Fig. 2.1c) frequently observed in
the surf zone (81% of samples from the rainfall season) (Franco et al. 2018).
However, the diatom accumulations began 2 months before the rainfall season and
were triggered by changes in wave period from sea waves to swell. The
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phytoplankton biomass in the absence of diatom accumulations (57% of all sam-
ples) ranged between 1.4 and 12.9 pg/L (Franco et al. 2018). An opposite pattern
was observed at the beaches of Brasilia Teimosa, Boa Viagem, and Piedade, located
in the metropolitan region of Recife, capital of the state of Pernambuco, where the
highest Chl values (12-33.5 pg/L) occurred in the dry season when compared to the
wet period (Chl 1.55-9 pg/L; Ferreira et al. 2010, 2013). These beaches presented
lower silicate (4—62 pM) values than the beaches at the state of Pard although nitro-
gen (nitrite + nitrate 0.10-22.1 pM) and phosphate (0.03—1 pM) values were com-
parable (Ferreira et al. 2010, 2013). The oligotrophic Brazil Current in conjunction
with coastal processes probably influenced the seasonal pattern of phytoplankton
biomass in the surf zone of these beaches, which present sandstone reef lines and a
narrow surf zone (Ferreira et al. 2010). Southward at Tamandaré (PE), Chl
(0.14-2.3 pg/L) and DIN were low at two sampling periods, characteristic of oligo-
trophic conditions (Moura and Passavante 1994/1995). Primary production and the
assimilation number (mean 5.8 mg C/mg Chl/h) tended to be inversely associated
with precipitation (Moura and Passavante 1993), as observed for Chl at the beaches
near Recife.

The influence of oligotrophic water was also evident southward at the beach
adjacent to Real River (state of Bahia, NE Brazil), where extremely low Chl
(0.08-0.24 pg/L) and DIN values (average silicate 19.6 uM, nitrate 2.6 pM, ammo-
nium 1.5 pM, phosphate 0.7 pM) were recorded in both the rainy and dry seasons
(Alves 2017). However, even lower DIN (average silicate 7.4 pM; nitrate 0.2 pM,
nitrite 0.05 pM, ammonium 0.18 pM, phosphate 0.18 uM) was associated with
higher Chl values (1.5-106.5 pg/L, average 16.3 pg/L) at the exposed Cururupe
Beach, southward of Ilhéus, state of Bahia state (Tedesco et al. 2017). There, diatom
accumulations (28% of the samples) were registered from April to August, con-
comitantly with southeastern and eastern winds associated with the inflow of frontal
systems during autumn-winter. Diatom patches sampled daily by the local commu-
nity along the Ilhéus coast at the beaches of Sargi, Ponta da Tulha, and Miliondrios
verified the extent of this phenomenon (Tedesco et al. 2017). It is likely that, when
available, DIN is quickly absorbed by the microalgae leading to the apparent low
nutrient concentration. The authors suggested that the strong southern and south-
eastern winds suspend sediments and nutrients from the bottom favoring the higher
microalgae biomass.

In the southeastern region of Brazil, at the state of Sdo Paulo, the beaches of
Bertioga, Indaid, Sdo Lourengo, and Boracéia presented extremely high Chl values
(217-9195 pg/L) also associated with diatom patches in the years 1979 and 1980
(Tommasi and Navas-Pereira 1983). In contrast, at the nearby Aracd Beach, Sao
Sebastido Channel, low values of both Chl (1-6 pg/L) and DIN (silicate 4-6 pM,
phosphate 0.2-0.7 pM, nitrate nitrite 0.5-1.2 pM, ammonium 0.6-3.0 pM) were
registered in a recent study (Ciotti et al. 2018). The authors pointed out the impor-
tance of short-term variability (daily scale), driven by changes in wind speed and
direction. The contrasting results between the two studies concerning phytoplank-
ton biomass indicate the need of combining short-term coastal observations and
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near-real-time regional hydrodynamic models in future studies to obtain a more
complete picture of such environments (Ciotti et al. 2018).

Diatom patches with extremely high biomass (Chl up to 10,230 pg/L) were reg-
istered in the state of Santa Catarina (S Brazil), at Navegantes Beach in the year
1995 (Rorig et al. 1997), and at the beaches of Sol, Gi, Gird, and Mar Grosso at the
municipality of Laguna (Netto and Meneghel 2014). In the latter, diatom accumula-
tions were common in 2006 (70% out of 365 days) leading to biomass ten times
higher in the beach deposits (average Chl 6.9 mg/cm?®, maxima of 1 g/cm?®) than
outside. Southward, based on daily observations over 2 years, diatom patches were
observed in 18.5% of the days at Cassino Beach, state of Rio Grande do Sul (Rorig
and Garcia 2003; Rorig et al. 2006). Chl values in the integrated water column,
when patches were present (4.2-352 pg/L, average 103.1 pg/L), were two orders of
magnitude higher than without patches, while surface patch samples presented
maxima (2220 pg/L) in the same order of those observed in the beaches of the state
of Sdo Paulo (Tommasi and Navas-Pereira 1983) and Navegantes beach (Rorig et al.
1997). Based on monthly samplings between 1992 and 2007, the frequency of bio-
mass accumulations in the surf zone of Cassino Beach (Fig. 2.1b) varied between
10% and 40% (1992-1998) to none (1999, 2003, 2005-2007), according to envi-
ronmental conditions (Odebrecht et al. 2010). A major impact on this ecosystem
was due to large-scale mud deposition events in the surf zone after strong rainfall
and storm events, changing DIN and microalgae biomass. Consequently, DIN con-
centrations varied intra- and inter-annually (ammonium 0.07-47 uM, mean 3.5 pM;
nitrate + nitrite 0.09-19.4 pM, mean 2.1 pM; phosphate <0.001-10.6 pM, mean
0.9 pM; silicate 0.8—159 pM, mean 25 pM). Chl values and variability showed no
clear relationship with nutrient variables in the surf zone of Cassino Beach (Abreu
et al. 2017). Instead, mud deposition and storm wave periodicity associated with
southerly frontal systems in southern Brazil were recognized as important factors
driving biomass accumulations and variability (Rorig and Garcia 2003; Rorig et al.
2006; Odebrecht et al. 2010, 2014). In general, the low atomic N:P (mean 10.1) and
N:Si (mean 0.6) ratios indicate that nitrogen is the least available DIN in this area.
The input of groundwater nitrogen was associated with high Chl values (6470 pg/L,
median 109 pg/L) along an extension of 240 km northward to the Patos Lagoon
outflow (Niencheski et al. 2007). Based on the fluxes of DIN in both the groundwa-
ter and surf zone, the authors estimated a primary production rate of 3 kg C m=2 y~!
for this region, equivalent to the production of salt marshes and mangroves. The
authors pointed out that only about half of the production is “new production” (sup-
ported by advected nutrients from terrestrial, deep water. and atmosphere sources),
as much of the DIN in groundwater discharge is from recycled seawater. Reynaldi
(2000) measured the primary production of the particulate and dissolved fractions
at Cassino Beach using the “C method after incubating patch water sampled in the
morning and the afternoon. The transformation of the daily data resulted in a pri-
mary production rate of 7.7 kg C m~2 y~', that is, in the same magnitude estimated
by Garcia and Gianuca (1997) and Niencheski et al. (2007). However, the estimate
of Niencheski et al. (2007) is probably closer to the real value, as they considered
the groundwater flux over a wide area (240 km).



2 Primary Producers 41
2.3.2 Biodiversity

Microalgae are a heterogeneous group of autotrophic microscopic organisms that
belong to distinct groups as cyanobacteria, diatoms, dinoflagellates, haptophytes,
cryptophytes, raphidophytes, silicoflagellates, chlorophytes, and euglenoids. In
common, these evolutionarily distant organisms grow due to the photosynthesis per-
formed by pigments, in particular, chlorophyll a (Chl), in the presence of light
(energy), CO,, and nutrients. Even so, many species (especially dinoflagellates,
haptophytes, and euglenoids) present mixotrophic habits, that is, in addition to pho-
tosynthesis, they feed on other organisms, with evident advantages under unfavor-
able environmental conditions.

Diatoms, which are mainly photoautotrophic, present the highest contribution
(number of species, frequency, dominance, and abundance) in Brazilian sandy
beaches. In terms of the number of species compared to other groups, diatoms
ranged from 62% on the coast of the state of Sdo Paulo (Villac, et al. 2008) to
90-99% at the state of Para (Matos et al. 2012; Costa et al. 2011, 2013; state of
Bahia, Alves 2017). Dinoflagellates were the second most important group, while
silicoflagellates, cryptophytes, haptophytes, euglenoids, and chlorophytes were less
expressive. An unexpected increase in the contribution of dinoflagellates from the
beaches in the North and Northeast (1-12%, Costa et al. 2011, 2013; Matos et al.
2012, 2016; Sousa et al. 2008; Alves 2017; Ferreira et al. 2013; Rosevel da Silva
et al. 2005) to the East and South Brazilian regions (23-34%, Rosa 1982; Kremer
and Rosa 1983; Rorig et al. 2006; Villac et al. 2008; Odebrecht et al. 2010) was
observed. This is likely related to the gradual decrease of the tidal range (see
Chap. 1) and speed of tidal currents (Knauss 2005), which may decrease water tur-
bulence and favor flagellates (Margalef 1978). Cyanobacteria contributed to around
20% of taxa on the beaches of Carne de Vaca (state of Pernambuco) and Azul (state
of Rio Grande do Sul). In the former, chlorophytes also attained a high number, pos-
sibly due to their location near mangroves and calcareous macroalgae deposits
(Campelo et al. 2001/2002). At Azul Beach, sediment was sampled in a transect
from the backshore to the swash, influencing the distinct microalgae composition
(Garcia-Baptista 1995).

In most studies, species identification relied on morphological characteristics
based on optical microscopy, but electron microscopy analysis of the ultrastructure
may also be necessary. For example, the identification of the worldwide distributed
Skeletonema requires ultrastructure analysis; at least four species were observed on
Brazilian sandy beaches (S. costatum, S. pseudocostatum, S. tropicum, and cf.
S. grethae, Bergesch et al. 2009). Cryptic species, however, are only reliably identi-
fied using molecular biology tools, as shown for the common surf zone diatom
Asterionellopsis glacialis (previously Asterionella japonica, Asterionella glacia-
lis), which represents a species complex (Kaczmarska et al. 2014). Up to now, two
species of Asterionellopsis have been reported in Brazilian surf zones, A. tropicalis
and A. guyunusae, respectively, on the Northeast and South coast (Franco et al.
2016). The identification of the potentially toxic dinoflagellate Alexandrium, which
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was registered at beaches of the state of Rio de Janeiro, also requires genetic analy-
sis (Menezes et al. 2007, 2018). These examples illustrate the need for basic biodi-
versity studies not only on sandy beaches but in the Brazilian marine environment
in general.

Diatom accumulations visible to the naked eye in the surf zone are named by the
local population as “verdetes” (greenish) or chocolate water (dark brownish), the
color determined by the pigments of the main species, Anaulus australis or
Asterionellopsis spp. (Fig. 2.1a—c). Patches of the former on beaches of the
Northeast, East, and South Brazil are greenish/orange-yellowish. The latter form
dark brownish patches from the North to the South Brazilian coast. Other surf dia-
toms like Aulacodiscus spp. are found in high densities in the beaches of the
Northeast only (Franco 1998; Franco et al. 2018). Surf diatoms benefit food webs
and diverse trophic interactions (Netto and Meneghel 2014).

Diatom accumulations in the surf zone are identified as local interferences in the
succession patterns of regional neritic phytoplankton, increasing biomass while
decreasing diversity (Rorig et al. 2006). Most of the time, several neritic, oceanic,
and tychoplanktonic diatoms are frequent and/or abundant in the surf zone of
Brazilian beaches, the most frequently cited are Actinoptychus senarius,
Asterionellopsis glacialis complex, Bacteriastrum spp., Bellerochea malleus,
Campylosira cymbelliformis, Cerataulina pelagica, Chaetoceros affinis, C. atlanti-
cus, C. brevis, C. compressus, C. curvisetus, C. decipiens, C. didymus, C. lorenzia-
nus, C. peruvianus, Coscinodiscus spp., Cylindrotheca closterium, Cymatosira
belgica, C. lorenziana, Dactyliosolen fragilissimus, Ditylum brightwellii, Guinardia
delicatula, G. flaccida, G. striata, Gyrosigma sp., Haslea wawrikae, Helicotheca
tamesis, Hemiaulus membranaceus, Leptocylindrus danicus, Melosira monilifor-
mis, Navicula spp., Neocalyptrella robusta, Nitzschia spp., Odontella aurita, Trieres
sinensis, T. mobiliensis, T. regia, Paralia sulcata, Pleurosigma spp., Proboscia
alata, Pseudo-nitzschia spp., P. pungens, Rhizosolenia imbricata, R. hebetata,
R. pungens, R. setigera, R. styliformis, Thalassionema nitzschioides, T. frauenfeldii,
Thalassiosira spp., Skeletonema costatum complex, and Triceratium spp.

Among cyanobacteria, Oscillatoria princeps, Trichodesmium erythraeum,
Komvophoron sp., and Synechococcus elongatus are commonly cited, while main
dinoflagellates are Gymnodiniales Amphidinium, Gymnodinium, Gyrodinium,
Alexandrium fraterculus, Tripos furca, T. fusus, T. hircus, T. kofoidii, Dinophysis
caudata, Protoperidinium spp., Scrippsiella sp., Peridinium quinquecorne ADE,
Prorocentrum spp., Pyrocystis lunula, Pyrophacus horologicum, and P. steinii. The
silicoflagellate Dictyocha fibula also presents a wide distribution. On certain occa-
sions, brackish and freshwater diatoms (Bacillaria paxillifera, Chaetoceros subtilis,
Aulacoseira granulata, and Cyclotella meneghiniana), cyanobacteria (Microcystis
aeruginosa and M. wesenbergii), euglenophytes (Euglena acus), chlorophytes
(Scenedesmus), and Zygnematales (Mougeotia, Eudorina) are associated with rainy
periods.
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2.4 Harmful Algae

Potentially toxic cyanobacteria, dinoflagellates, and diatoms were reported at sandy
beaches in Brazil. Accumulation of Trichodesmium erythraeum, a genus of harmful
marine cyanobacteria, was registered in the 1960s at Tamandaré Beach, state of
Pernambuco, and associated with human respiratory diseases (Satd et al. 1963/1964);
this is a recurrent phenomenon at some beaches in the Northeast coast. Analyzing
Trichodesmium blooms from Brazilian offshore oligotrophic waters, Detoni et al.
(2016) detected neurotoxins (saxitoxins), which can be released from the cells when
the colonies are transported and deposited on sandy beaches becoming a risk to the
plankton, benthos, and fish communities in the surf zone. Toxic freshwater cyano-
bacteria may also eventually reach beaches adjacent to river discharges, as
Microcystis species in the Northeast (Ferreira et al. 2010) and South Brazilian coast
(Matthiensen et al. 1999).

Dinoflagellates comprise the main group of harmful algae, and blooms associ-
ated with these organisms are frequently reported in newspapers as red tides, some-
times associated with environmental impacts. In Southern Brazil, at Hermenegildo
Beach, state of Rio Grande do Sul, in April 1978 (Machado 1979; Rosa and Buselato
1981), suspected harmful dinoflagellates (identified as Gyrodinium aureolum) were
detected in water sampled days after human respiratory problems begun and the
death of animals (mollusks, crustaceans, fishes, and mammals) on the southern
Brazilian coast was publicized. However, another possible cause of this event was
the transport of chemicals toward the coast from a shipwreck, leading to controver-
sies, which were not elucidated. Nevertheless, the presence of harmful dinoflagel-
lates Alexandrium and Dinophysis was confirmed on several beaches in Brazil.
Species of Alexandrium are associated with paralytic shellfish poisoning due to the
production of neurotoxins, and its presence in coastal waters represents a risk
mainly due to the ingestion of contaminated seafood (Menezes et al. 2007, 2018).
Diarrhetic shellfish poisoning is another seafood contamination associated with the
presence of Dinophysis acuminata complex, which is widely distributed in coastal
waters, including sandy beaches (Villac et al. 2008; Odebrecht et al. 2010). The
heterotrophic Noctiluca scintillans is considered non-toxic, but its food vacuoles
may contain toxigenic microalgae, acting as a vector of phycotoxins to higher tro-
phic levels (Escalera et al. 2007). The accumulation of Noctiluca in the surf zone
can occasionally be observed by the naked eye either during the daytime due to their
red patches (Cardoso 2012) or at night due to their bioluminescence (Fig. 2.1d).
Recently, the high concentration (up to 10° cells L") of Margalefidinium at Sdo
Sebastido, state of Sdo Paulo, was considered unusual and caught the attention of
researchers mainly for its harmful potential as a fish killer (USP 2019). Other toxic
pelagic dinoflagellates, growing in offshore waters, can be transported to the beaches
as a response to oceanographic processes and meteorological and climatic shifts.
The attachment of epiphytic and epibenthic species to different plastic litter items
indicates an alternate route for toxin transfer (Tibiricd et al. 2019), which may reach
the beaches. Besides the availability of nutrients and light, the growth of
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dinoflagellates depends on seeding mechanisms and the advection to the surf zone
according to oceanographic currents and weather conditions, with wind calm peri-
ods favoring their success.

Among marine diatoms, species of Pseudo-nitzschia produce domoic acid, asso-
ciated with amnesic shellfish poisoning; several potentially toxic species thrive in
Brazilian coastal waters and beaches (Villac et al. 2008; Hagstrom et al. 2011;
Tibiricd et al. 2015). Identification of Pseudo-nitzschia species requires electron
microscopy analysis of their ultrastructure, highlighting again the need for the qual-
ification of human resources to face the demands of future microalgae harmful
events in Brazil. It is also important to implement harmful algae monitoring pro-
grams including species identification and toxin analysis along the Brazilian coast.

2.5 Macroalgae

Arriving on Brazilian tropical beaches early in the morning, it is usual to observe
abundant wrack deposits in the supralittoral, intertidal, or drifting in the surf zone.
Most of this stranding organic allochthonous material is composed of macroalgae,
marine multicellular autotrophic organisms represented by green (Chlorophyta),
brown (Phaeophyceae), and red algae (Rhodophyta). However, recent events, known
as green and golden tides, called attention to these organisms and process world-
wide (Smetacek and Zingone 2013) as well in the Brazilian warm temperate coast
(Martins et al. 2016), mainly due their intrinsic economic and ecological relevance
(Arroyo and Bonsdorff 2016). Positive economic aspects are related, for example,
to the beach cleaning that can contemplate an eventual use of the algal biomass as
fertilizers (Vila Nova et al. 2014). Nevertheless, this should be weighted consider-
ing all possible impacts and their magnitude on local fish and benthic assemblages,
as well as on sandy beach and circumjacent environments (see below, the case of
Camborit Beach, Santa Catarina state).

The source of these allochthonous resources can be adjacent or even a distant
environment such as biogenic reefs, rocky shores, seagrass meadows, and man-
groves. Macroalgae can drift a few meters of travel for thousands of kilometers, for
several days or weeks (Batista et al. 2018). Storms or processes, such as bioerosion,
can detach the organisms or their fragments, which can reach the shoreline. The
abundance and species composition of allochthonous material may vary according
to the donor-habitat productivity, the site exposure rate, beach slope, wave height,
type of substratum, swash environment, and buoyancy of the drifting species. These
organisms floating on the surface, drifting on the bottom, or even buried on the
beaches produce an important niche for an underestimated diversity of fishes
(Gomes et al. 2018), invertebrates (Ruiz-Delgado et al. 2014), and macro- and
microalgae (Martins et al. 2016) and represent an important component in the car-
bon dynamics and the beach food web.

The presence of wrack material shaped the density of invertebrate community
structure in warm temperate sites (Ruiz-Delgado et al. 2014). In the same region, a
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high abundance of macroalgae was directly related to the species richness, density,
biomass, and diversity of fish assemblages (Gaelzer and Zalmon 2003). A similar
result was observed in Brazilian tropical sandy beaches, where the high abundance
of drift algae had strong effects on the fish composition, and increased density, bio-
mass, and species richness. The high abundance of allochthonous algae observed
during the autumn and winter on beaches of southeastern Brazil represents an
important provision of shelter and food that could increase fish survival during set-
tlement (Andrades et al. 2014).

Recent initiatives have investigated the use of the algal biomass as fertilizers
(Sousa et al. 2022) or in animal feeding (Tejada-Tejada et al. 2021). In the Brazilian
Northeast coast, for example, field and laboratory experiments on macroalgae deg-
radation reveal that this material is an important source of nitrate, nitrite, and phos-
phate, which can favor phytoplankton growth, reinforcing their ecological
importance (Sassi et al. 1988).

Despite the importance of macroalgae deposits, few studies characterized their
composition. On the southern coast, in the southern limit of the Brazilian warm
temperate province, the filamentous red algae Aglaothamnion uruguayense was the
dominant species among the other 27 taxa that reached 8.35 tons (dry weight) in an
estimated area of 52,770 m? (Martins et al. 2016). On the other hand, in the tropical
region, the richness and abundance of drifting macroalgae are frequently higher. In
seven beaches around the latitude of 13°S, 123 infrageneric taxa were identified,
with 52-66 taxa per evaluated beach (Santos et al. 2013). These species totalized an
abundance that varied between 2269.7 and 5765.0 g.m~? of wet weight (Santos et al.
2013). On the Amazonian coast, the stranding of huge Sargassum natans and S. flui-
tans produced the accumulation of 98,000 g.m™2 of wet weight (Fig. 2.2), a similar
value as observed in golden tide events in the Caribbean (Sissini et al. 2017). This
represents the consequence of a growing event related to the formation of a great
Atlantic Sargassum belt (GASB), observed in satellite imagery since 2011. In 2018,
>20 million metric tons of Sargassum extended from West Africa to the Gulf of
Mexico. This unusual phenomenon might be a result of shifts in upwelling events
off West Africa during boreal winter and changes in Amazon River discharge nutri-
ent concentration (Wang et al. 2019).

Brazilian beaches host important and diversified assemblages of drifting mac-
roalgae. The management of this biomass should be considered with caution since
they have ecological and evolutionary importance (Suarez-Castillo et al. 2013),
with an unequivocal role in the biogeochemical carbon balance. The economic
exploitation of these natural resources (Kirkman and Kendrick 1997) should also be
considered with caution once its complete suppression can cause negative impacts
with unknown consequences on associated communities, and ecological and evolu-
tionary processes acting on sandy beaches and beyond. The increased frequency of
macroalgae population blooms, resulting in golden and green tide events, despite all
socio-economic conflicts, should be contemplated as an opportunity to innovate in
ocean management, with potential mitigation of socio-environmental crises related
to climate change mitigation/adaptation.
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Fig. 2.2 Different aspects of wrack macroalgae, dominated by Sargassum natans and S. fluitans,
that produced socio-economic impacts on the Brazilian northern coast. (a) Wrack of Sargassum on
a pristine beach. (b) Sampling for biomass evaluation. (¢) Wrack of Sargassum on an urbanized
beach. (d) Cleaning process evidencing losses of sand and associated biodiversity. (Photos: Prof.
José Eduardo Martinelli Filho (UFPA))

2.6 Beach Eutrophication: The Case of Camborii Beach

Sandy beaches are intensely used by human civilizations for living, recreation, and
extraction of natural resources. Therefore, sandy beaches are severely impacted and
suffer environmental degradation, including eutrophication caused by domestic,
industrial, aquaculture, or agricultural effluents. These wastes can reach the beaches
through runoff (i.e., when stormwater carries contaminants) (He and He 2008);
from nearby rivers and estuaries, from the sea, and also from pore water, when con-
taminated continental waters flow from the sub-surface to the beach environments
(Niencheski et al. 2007). The tendency for eutrophication in sandy beaches is related
to the intensity and quality of these flows and morphodynamic features, where shel-
tered beaches are more susceptible due to the more limited pollutant dispersion
(Schlacher et al. 2008). Beach anthropogenic driven eutrophication (ADE) symp-
toms may include fertilization with organic matter and inorganic nutrients; biomass
accumulation of algae and other organisms; high frequency of fecal contamination;
changes in benthic, planktonic, and nektonic community structure; death of bottom-
dwelling fish and invertebrates; and the occurrence of hypoxia or anoxia.
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It is important to distinguish natural processes of biomass accumulation, such as
the case of surf diatoms and regular wrack deposits, from cases where nuisance of
invasive or uncommon organisms suddenly appear and become persistent.
Worldwide, one of the most iconic cases of ADE on beaches is represented by the
green tides of the macroalgae Ulva that occurred in Qingdao Beach, China, in 2008
(Smetacek and Zingone 2013) and those affecting the Brittany coast in France, in
2009 (Diaz et al. 2013). In these cases, the biomass does not necessarily originate
from the beach, but from nearshore. Plucked and accumulated on the beach, bio-
mass degradation increases the availability of organic matter and nutrients and the
formation of anoxic zones, which even aggravate the tendency of eutrophication
(Dugan et al. 2011).

In Brazil, a case has drawn attention due the intensity of the nuisance phenom-
ena: Camborid Beach (Balnedrio Camborid, state of Santa Catarina) — a highly
urbanized semi-protected beach influenced by river discharges (Fig. 2.3). Since
2002, Camboriti Beach has been undergoing dredging and jetty construction works,
which altered the sedimentation pattern, resulting in increased water turbidity.
According to Pezzuto et al. (2006), the sediment mobilization caused the elimina-
tion of dense populations of the filter-feeding bivalves Tagelus plebeius and
Anomalocardia brasiliana. During 2003, mass mortalities of the dominant suspen-
sion feeder bivalve Tivela mactroides were recorded along the beach, probably as a
result of suffocation by the fine sediment migration from the sediment disposal area
to deeper parts of the bay. Since December 2003, wracks of non-native bryozoans
Membraniporopsis tubigera and Arbocuspis bellula and epibenthic diatoms
Amphitetras antediluviana and Biddulphia biddulphiana started to occur, some-
times reaching the order of hundreds of tons a day (Rorig et al. 2017b). More
recently, in the years 2018 and 2019, large green algae wracks (Bryopsis sp.) were
also recorded, interspersed with bryozoan and diatom events (C. Resgalla Jr., per-
sonal communication). The dominance of organisms varies seasonally, with bryo-
zoans being more abundant in warmer and diatoms in colder months. Bryozoans
grow on substrates near the beach and are torn off by hydrodynamics, being dragged
by currents and tides to the beach face. The two chain-forming diatom species grow
on bryozoans without any trophic relationships among these organisms, and the
origin of the bryozoans and diatoms is not yet known (Rorig et al. 2017b; Ottonelli
2014). The absence of such phenomena on nearby beaches calls attention, and the
hypothesis to explain this pattern is the unique history of sequential ecological
changes at Camboriti Beach in conjunction with the sufficient pollutant load to
maintain the growth of the diatoms and bryozoans, culminating in their dominance.
Although the municipality provides a sewage treatment system, it is not efficient
enough, and the beach receives untreated wastes from upstream cities and rural
areas. The dense urban occupation (see Fig. 2.3a) and the consequent land sealing
favor runoff and pore water flow, which provide additional organic matter and nutri-
ents to the beach system.

Camborit Beach is a typical example of how complex the degradation and eutro-
phication of a beach ecosystem can be. It is clear that a high level of urbanization,
if unavoidable, must necessarily be accompanied by an efficient waste and sewage
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Fig. 2.3 (a, b) Wracks of epibenthic diatoms and non-native bryozoans along the touristic
Camboriti Beach, Santa Catarina. (¢, d) Daily beach cleaning activity. (Photos: Fernando
Luiz Diehl)
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management system, both at the local level and at the river basins that influence the
region. The greater the land use and occupation of the beach region, the more dif-
ficult and expensive the management and restoration of ecosystem health become.

2.7 Final Remarks

Primary producers on sandy beaches, whether from resident assemblages or near-
shore environments, play a critical ecological and economic role in the coastal zone.
The relatively narrow extent of beach ecosystems, and their position at the interface
between the ocean and the continent, makes them a place of intense ecological pro-
cesses. With resident primary producers, as in the case of surf diatoms and micro-
phytobenthos assemblages, high primary productivity sustains local food chains
and organic matter export. However, when high biomasses of micro- and macroal-
gae from other systems are transported and accumulated in the beach environment,
a rapid ecological collapse can take place, with repercussions on adjacent
ecosystems.

Intense urban occupation, low pollution control, and the increase in coastal
works in Brazil, in conjunction with climate changes and ocean acidification, are
significantly altering the natural processes on sandy beaches. The fragility of these
ecosystems draws attention to the need for monitoring and integrated management
practices aimed at maintaining natural processes. The negative consequences are
also economic as they accelerate biodiversity losses, affecting fishing, and tourism
imposing increased public resources to mitigate the problems.

As hot spots for future studies involving primary producers on sandy beaches in
Brazil, the following topics are suggested: (i) basic biodiversity studies including
genetic analysis, key species, and indicators; (ii) the understanding of the photoac-
climation processes, primary production, and life cycles of surf diatoms; (iii) the
knowledge of the flows of nutrients and organic matter in different regions and
temporal scales; (iv) the evaluation of stranded biomass management reducing local
impact and fostering regional green economy; (v) ecological conservation and res-
toration practices; (vi) macrodiagnostic and monitoring programs of pollution/con-
tamination/toxins aiming at the evaluation of ecological and sanitary risks; (vii)
integrated studies that allow understanding of the origin, fate, and impacts of the
carbon/oxygen balance of beach communities and large biomasses of floating mac-
roalgae, anomalous phytoplankton blooms, and invasive species.
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Chapter 3 )
Meiofauna Biodiversity ST

Tatiana Maria, André Esteves, André Garraffoni, Fabiane Gallucci,
Adriane Pereira Wandeness, Beatriz Pereira Cunha, Gustavo Fonseca,
Sergio Netto, and Maikon Di Domenico

3.1 Introduction

Small animals belonging to the meiofauna, defined as organisms smaller than
0.5 mm and larger than 0.044 mm (Giere 2009), are at the threshold of the optical
resolution for routine identification (Curini-Galletti et al. 2012). Due to the inherent
difficulties in working with microscopic organisms, our knowledge of meiofauna
biodiversity is unfortunately still scarce. This group includes 25 metazoan phyla.
Among them, few are known to be exclusively meiofaunal (i.e., Loricifera,
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Tardigrada, Kinorhyncha, and Gastrotricha), while many are considered temporary
meiofauna because they belong to this group only during early life stages (e.g.,
Annelida, Arthropoda, and Mollusca) (Giere 2009). Meiofauna organisms play a
key role in the functioning of sandy beach ecosystems by being involved in the
remineralization processes and in the energy transfer for higher trophic levels and
across ecosystems (McLachlan and Defeo 2018; Schratzberger and Ingels 2017).
Meiofauna species have also been used to monitor ecosystem health (e.g., Gallucci
et al. 2015), as they are known to respond in the short and long term to anthropo-
genic stress (Fonseca and Gallucci 2016).

Ecological meiofaunal studies on sandy beaches started at the end of the last
century and increased over the last decade (Table 3.1). Despite the vast extension of
the Brazilian coastline, which includes 17 states and more than 4000 beaches (Chap.
1), meiofaunal investigations were performed only on nine states (Espirito Santo,
Para, Parana, Pernambuco, Rio de Janeiro, Rio Grande do Sul, Santa Catarina, and
Sdo Paulo) (Fig. 3.1). Most of these investigations (19/42) are restricted to the
Southeast (Espirito Santo, Rio de Janeiro, and Sdo Paulo) and South regions (12
studies in Santa Catarina and Rio Grande do Sul). Meiofaunal investigations in the
Northeast and Northern regions account for only 10 and 4 of the 42 studies. The
small number of studies performed on the Northern region is associated with the
recent exploitation of this geographic region by meiobenthologists, which initiated
their studies at the beginning of this century (Fig. 3.1).

This chapter presents the biodiversity of the most studied meiofaunal groups
along the Brazilian coastline and provides general information about their occur-
rence and distribution patterns. A compendium of papers published in indexed sci-
entific journals, considering articles dealing with community studies and published
until early 2022, is provided (see Table 3.1).

3.2 Spatial Patterns

The occurrence and distribution of dominant meiofaunal groups in sandy beaches,
such as nematodes and copepods, are correlated to beach morphodynamics but also
depend on biological interactions and environmental changes related to processes of
urbanization and tourism (Medeiros 1987; Moellmann and Corbisier 2003;
Rodriguez et al. 2003; Gheskiere et al. 2006; Kotwicki et al. 2005; Moreno et al.
2006). Meiofaunal organisms usually surpass the macrofauna density and occur on
all sandy beach morphodynamic types; however, several studies indicate that inter-
stitial fauna is more representative in reflective sandy beaches (while also occurring
in dissipative ones) than are macrofauna and bacteria (Moore and Bett 1989), and
this is one of the reasons why this group, not considering species alone but the com-
munity structure, is claimed as the best bioindicator for sandy beach impacts in this
reflective beaches.

The environmental optimum for the occurrence of interstitial fauna, in terms of
diversity and abundance, is a balance between physical and chemical features of the
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Table 3.1 Overview of meiofauna studies after 1970 in sandy beaches, with an indication of the

focus of the study and the number of beaches included

NO
ID | Author Focus | Fauna | beaches | State | Main finding
1 |Silvaetal. DT |M 1 RJ Granulometry and temperature determine
(1991) the spatial distribution
2 |Bezerraetal. |DT/T 1 PE Higher meiofauna densities during the
(1996) dry season and at 5-10 cm layer
3 |Bezerraetal. |DT M 1 PE Granulometry just influences the
(1997) distribution of harpacticoids copepodes
and ostracodes
4 | Wandeness EI M 1 RJ Meiofauna densities and composition
etal. (1997) varies according to the source of
pollution
5 | Esteves et al. DT/T M 1 RJ Upper layer (0-15 cm) showed higher
(1998) meiofauna density and temperature and
salinity are responsible for the temporal
distribution
6 | Victor-Castro | T Ta 1 PE Sedimentologic processes directly
et al. (1999) influence the distribution of Batillipes
pennaki
7 | Curvelo and BI M 1 SP Higher meiofauna density and biomass
Corbisier may be explained by the habitat
(2000) complexity created by the algae
8 |daRochaetal. |T Ta 3 PE Specimens of Batillipes pennaki showed
(2002) higher density at the upper mesolittoral,
while they were almost absent in the
infralittoral
9 | Corgosinho DT M 2 PR High nematode densities in the sublittoral
et al. (2003) of exposed sandy beaches are explained
by their high vertical migratory capacity
or high resistance to turbidity
10 | Moellmann P M 2 SP Nematodes migrate to the deeper layers
and Corbisier of the sediment in intense trampling areas
(2003)
11 | Oliveira and P M 1 RJ No relationship between sewage disposal
Soares-Gomes and meiofauna
(2003)
12 | Souza-Santos | T M 1 PE Environmental factors (e.g., grain size,
et al. (2003) Chl-a, phaeopigments, sediment
skewness) are the main factors structuring
the meiofauna community seasonally
13 | Todaro and DT |G 23 SP A diversified gastrotrich community
Rocha (2004) occurred in beaches characterized by

medium or fine sand with little detritus
and clear water

(continued)
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NO
ID | Author Focus | Fauna | beaches | State | Main finding
14 | Pinto and DT/T M 1 PE Meiofauna spatial distribution is
Santos (2006) structured by environmental factors (e.g.,
Chl-a, RPD layer and grain size sorting.
High densities occurred in the wet period
of the year
15 | Albuquerque | DT/T |M 1 RJ Highest meiofauna densities in the
et al. (2007) retention zone at 0—10 cm layer.
Seasonality is taxa dependent
16 | Netto et al. BI M/N |1 SC Correlation between pigments (chla and
(2007) the ratio chla/feo a) and meiofauna
richness and abundance
17 | Di Domenico DT |P 6 SC, | High annelids diversity on exposed
et al. (2009) PR beaches than any other morphodynamic
states
18 | Maria et al. DT |N 3 RJ Highest richness in very coarse sandy
(2008) beach
19 | Gomes and DT/T M 1 PA Highest meiofauna densities were found
Rosa Filho in the mid-intertidal zone. No seasonality
(2009)
20 | Vergosaetal. | DT/T |Ta 1 PE Stygarctus Bradypus distribution is
(2009) neither influenced by the size of the
sediment grains nor by the presence of
interstitial waters and the specimens
preferably colonizing the upper
mid-littoral of the studied beach
21 | Rosa Filho DT M 3 PA Highest density and diversity in the
etal. (2011) mid-tide level; the existence of zonation
22 | Maria et al. DT |N 2 RJ Highest density in the upper tide level;
(2013a) gravel is the most important variable that
explains the nematode community
23 | Maria et al. BI N 1 SP Annelids did not affect the colonization
(2013b) of azoic sediments by nematodes
24 | Di Domenico |DT |A 7 SC, | Species of Protodrilidae showed
etal. (2013) SP, preferences for sheltered and exposed
RJ beaches
25 | Di Domenico DT |A 7 SC, | Saccocirrus pussicus distribution
et al. (2014a) PR correlated with the presence of a steep
slope, large waves, and coarse sand
26 | Di Domenico DT |A 11 SC, | Saccocirrus pussicus prefers reflective
et al. (2014b) PR, |beaches, and Pharyngocirrus gabriellae
SP, sheltered intertidal and shallow areas
RJ
27 | Netto and BI M 3 PR Surf zone diatoms are an important food
Meneghel source for the meiofaunal organism of
(2014) high-energy sandy beaches

(continued)
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NO
ID | Author Focus | Fauna | beaches | State | Main finding
28 | Venekey etal. |'DT |N 1 PE Lowest density in dry months; no
(2014a) influence of the tidal cycle in the
nematode density
29 | Venekey etal. |DT |N 1 PE Seasonal and spatial variation of
(2014b) nematode communities in a tropical
sandy beach
30 Martinsetal. |DT |M/N |2 SC Lowest densities of meiofauna and
(2015) nematodes were recorded for the upper
stratum (0—10 cm) in reflective sandy
beaches
31 | Garraffoni DT |G 28 SP Gastrotrichs composition and beta
et al. (2016) diversity were correlated with tidal zone,
location, and average grain size, and the
highest turnover of species was expected
on islands
32 | Felix et al. EI M 2 SC Beaches with lower environmental
(2016) quality possess higher oligochaete
densities
33 ' Gusmaoetal. |EI M/A |3 SC Among different meiofaunal taxa,
(2016) and Saccocirrus egest microfibers without
RJ physical injury
34 | Tarragd and EI M 1 RS Storm surges change the meiofauna
Ozorio (2017) distribution along with a beach profile
35 | Santos and DT/T |M/N |4 ES* | Higher meiofauna and nematodes
Venekey densities during summer as well as higher
(2018) nematode densities in high tidal level
36 | Santos et al. EI N 7 RJ Nematode biological indexes did not
(2019a, b) indicate the ecological status of sandy
beaches because the nematode
distribution respond to a different sorting
coefficient
37 | Baia and DT |M/N |1 PA Genera diversity and richness increased
Venekey toward the low tide mark and lower
(2019) richness is found in the upper layer
38 | Mello et al. DT K 2 SC, The distribution pattern of Franciscideres
(2019) PR kalenesos was related to the surf zones in
intermediate/dissipative beaches
39 |Herranzetal. |DT |K 1 RJ Cateria styx adaptations for mechanical

(2019)

adhesion, as the enigmatic dorsal organ,
through friction and interlocking, in an
interstitial sandy beach habitat is inferred
to be adhesive

(continued)
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Table 3.1 (continued)

NO
ID | Author Focus | Fauna | beaches | State | Main finding

40 | Tilbert et al. DT/T | Ta 4 RN | Granulometry was the most important
(2019) environmental factor in the meiofaunal
spatial structure in tropical estuaries and
Batillipes pennaki and B. dandarae were
associated with medium sand

41 | Santos et al. EI M/N |3 PA Tardigrades, copepodes, and some
(2021) nematodes species are more prone to
suffer the effects of recreational activities
in sandy beaches. However, meiofauna
density and richness show a very fast
recover after cessing recreational
activities

42 | Herranzetal. |DT |K 2 RJ, This study showed the neuroanatomy of
(2021a) PR aberrant kinorhynchs with an elongated,
worm-like body plan and less distinct
segmentation, including Cateria styx and
Franciscideres kalenesos

43 | Herranzetal. (DT |K 2 RJ, This study provided a comprehensive and
(2021b) PR comparative myoanatomical study
distantly related kinorhynchs worm-like
species, including Cateria styx and
Franciscideres kalenesos

44 | Brustolinetal. | DT |N 1 SP This study deals with metacommunity
(2022) concept and indicates the existence of
high connectivity among sandy beach
locations in within the same beach

Adapted and updated from Maria et al. (2016)

DT distribution pattern, 7 temporal distribution, B/ biological interaction, P pollution, E/ environ-
mental impact, M meiofauna, N nematodes, G gastrotrichs, A interstitial annelids (polychaeta), K
kinorhyncha, 7a Tardigrada; State: PA Pard, PE Pernambuco, PR Parana, SC Santa Catarina, SP
Séo Paulo, RJ Rio de Janeiro, RN Rio Grande do Norte, RS Rio Grande do Sul

*Volcanic sandy beaches located on an island

interstitial environment such as hydrodynamic energy and organic matter input
(McLachlan and Defeo 2018). These conditions are more important for large-scale
patterns of distribution whereas biological interactions have more influence over
fine-scale distribution patterns (McLachlan and Defeo 2018).

Meiofaunal spatial variability has been studied at three spatial scales: macro-,
meso-, and microscale. Macroscale distribution deals with studies of patterns for
different latitudes and types of beaches, whereas mesoscale distribution implies
along- and across-shore distribution patterns. Microscale studies, in turn, investi-
gate changes in meters or centimeters. Nevertheless, for meiofauna, comparative
studies across scales are lacking, and it is still unclear which of these scales of varia-
tion is the most important in structuring meiofaunal communities. At the larger
scales (meso and macro), the meiofauna distribution is mainly driven by differences
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19,21, 37,41

2,3,68121
4,20,28,29

1,4,511,15,18,22,
24,26,33,36,39
7,10,13,23,24,26,31,42

9,17,25,26, 27,38

16,17,24,25,26,30,32,33,38

Fig. 3.1 Geographical distribution of the meiofauna ecological studies along the Brazilian coast.
Numbers refer to the studies indicated in Table 3.1

in granulometry (Maria et al. 2016). However, despite the large extension of the
Brazilian coastline, no study has investigated the influence of the latitude and the
associated environmental variables (e.g., changes in tides and temperatures) on the
distribution of the meiofauna. Such a study would be challenging since the morpho-
dynamics of the beaches varies along the coast with differences in wave and tide
regimes. For instance, as presented in Chap. 1, northern coast beaches are tide-
dominated or tide-modified and heavily influenced by the Amazon river, while
southeastern beaches are wave-dominated, being embayed or pocketed due to the
presence of many bedrock headlands; coral and rock reefs occur on the sublittoral
of northeastern beaches, reducing the wave energy that reaches the beach face
(Short and Klein 2016). While the existence of a full range of beach types along the
Brazilian coast makes the latitudinal comparison more difficult, it also provides an
excellent scenario to develop studies aiming at comprehending different factors
driving large-scale shifts in meiofauna community metrics (i.e., richness, abun-
dance, and biomass).

Higher meiofauna density (ca. 2000 ind/cm?) is usually found in exposed tropical
and subtropical sandy beaches (Corgosinho et al. 2003; Rosa Filho et al. 2011).
There is an expected trend of high diversity with increasing sediment grain size;
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however, it may not apply to all meiofauna groups. It is reported that each nematode
genus prefers a certain grain size (Fonseca et al. 2014) and sorting coefficient
(Santos et al. 2019a). Higher species diversity of gastrotrichs is reported for beaches
characterized by medium and fine sand on the Sdo Paulo coast (Todaro and Rocha
2005), whereas higher annelids diversity is found in reflective beaches (i.e., coarse
sediment) due to the inability of some interstitial species to live in compacted sedi-
ments (Di Domenico et al. 2009). Along the Brazilian coast, nematodes, copepods,
and annelids are the most abundant meiofaunal groups. Kinorhynchs may also reach
high numbers ecosystems composed of muddy sediments (Herranz et al. 2019;
Mello et al. 2019).

In the mesoscale (i.e., within beaches), the distribution of meiofauna organisms
is compartmentalized in zones on the across-shore gradient (McLachlan and Defeo
2018). Meiofaunal assemblages usually exhibit a patchy distribution in the interdial
region with high density and diversity in the middle (Gomes and Rosa Filho 2009),
following the intermediate disturbance hypothesis (Gheskiere et al. 2004). This
across-shore distribution is also affected by anthropic influence. Higher diversity of
nematodes, for example, is usually recorded in the lower beach level under pristine
conditions (Venekey et al. 2014a, b). However, under different degrees of organic
pollution, higher diversity may be observed on upper beach levels (Maria et al.
2013a) likely due to the influence of polluted waters.

The microscale distribution is commonly examined within the sediment column.
Meiofaunal organisms can penetrate as deep as the oxygenized condition exists.
Therefore the vertical distribution of meiofauna is driven by the balance between
oxygenation and water drainage, sometimes even penetrating the groundwater level
in reflective sandy beaches (McLachlan and Defeo 2018). Biological interactions
among different nematode species are very pronounced on a scale of a few centime-
ters and may also influence microscale patterns (Maria et al. 2012). Some studies
included sediment stratification to understand this fine-scale of distribution; yet,
studies assessing this scale usually stratified the sediment in thick layers of 15 cm
(Esteves et al. 1998), 10 cm (Albuquerque et al. 2007; Martins et al. 2015), or
2-5 cm (Baia and Venekey 2019), compromising the evidence of biological interac-
tions, which are expected to occur in very fine scales of 1 cm (or less) deep (Maria
et al. 2012). Meiofauna densities vary within the sediment and may be higher in the
superficial layers in sheltered conditions (Baia and Venekey 2019) or deeper layers
in more exposed sandy beaches (Martins et al. 2015), indicating the importance of
hydrodynamics in regulating meiofauna densities.

3.3 Temporal Patterns

The temporal variability of the Brazilian sandy beach meiofauna has gained much
less attention than the spatial patterns of distribution (Table 3.1). Temporal variation
of the meiofauna is also expected to occur at multiple scales, from hours to days,
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seasons, and years. Environmental variables such as tides, temperature, and salinity
also vary at multiple temporal scales and partly explain meiofauna temporal pat-
terns of distribution (Esteves et al. 1998; Maria et al. 2013a). Nevertheless, temporal
patterns are not consistent across the country. For tropical beaches on the northeast-
ern coast, higher richness and abundance were found during dry seasons when low
levels of salinity are observed (Gomes and Rosa Filho 2009). On the other hand, the
species richness and abundance of meiofauna were higher during the rainy seasons
on the southeastern coast, when temperatures were relatively higher (Albuquerque
et al. 2007).

Interestingly, a study that assessed spatial and temporal variations showed that
changes in the distribution patterns of interstitial annelids are related to shifts in the
morphodynamic state of the sandy beaches between summer and winter (Di
Domenico et al. 2009). Beaches classified as intermediate showed different intersti-
tial annelids’ associations between seasons. Species commonly found in dissipative
beaches were observed during summer (e.g., Protodriloides sp. and Hesionidens
sp.), while associations typical of reflective beaches were recorded during winter
(e.g., Saccocirrus sp. and protodrilids). These associations changed seasonally
related to the relative tide range and rainfall volume (Di Domenico et al. 2009).

3.4 Biodiversity

3.4.1 Copepoda

Among meiofaunal groups present on sandy beaches, Copepoda Harpacticoida may
be considered one of the most abundant (McIntyre 1968), and its contribution to
meiofauna abundance varies from 4% to 95% of the total meiofauna present in the
sediment (Esteves et al. 1998; Albuquerque et al. 2007; Kihara et al. 2011). The first
studies with this group on Brazilian beaches focused on taxonomic descriptions
(Carvalho 1952; Jakobi 1953a, b, 1954, 1956; Jakobi and Nogueira 1960; Rouch
1962). Subsequent investigations continued tackling taxonomic aspects but also
included ecological components such as the abundance and diversity of harpacti-
coids (Wandeness 1998; Corgosinho 2012). These studies were performed mainly
in southeastern Brazil, with the highest number of studies done on the coast of the
state of Sado Paulo (Masunari 1987; Alvarez 1988; Kihara 2003; Kihara and Rocha
2007; Kihara et al. 2011; Rocha et al. 2011; Bjornberg and Kihara 2013; Bjornberg
2010, 2014), and some in the northeastern coast (Wandeness et al. 1998; Silva 20006).

Very few studies along Brazilian beaches provided data on the composition of
Copepoda Harpacticoida assemblages for sandy environments (Table 3.2). Up until
now, a reduced number of taxa composed of a few genera have been registered in
this environment. Among these few genera, Arenopontia — a typically interstitial
taxon — may be categorized as a common genus of sandy beaches (Table 3.2).
Overall, Copepoda Harpacticoida shows higher diversity in dissipative beach types



Table 3.2 Studies in Brazilian sandy beach environments showing the species composition of

Copepoda Harpacticoida
Sampling
Study State | Type environment | information Faunistic composition®
Wandeness | RJ | Exposed Sandy | Total area Arenopontia acantha accepted as
et al. (1998) beach — reflective | (m?) = 0.45 Neoleptastacus acanthus (Chappuis
1954)
One station/ | Paraleptastacus spinicauda accepted
intertidal as Paraleptastacus spinicauda us
(Scott and Scott 1895)
5 strata Leptastacus aberrans accepted as
Archileptastacus aberrans (Chappuis
1954)
12 sampling | Eoschizopera sp.
(1 per month) | Lgophontina sp.
Wandeness | PE | Estuarine Total area Paraleptastacus spinicauda accepted
et al. (1998) sandbank (m?) =0.04 as Paraleptastacus spinicaudus (Scott
and Scott 1895)
One station/ | Leptastacus rostratus accepted as
intertidal Schizothrix rostratus (Nicholls 1939)
Without strata | Paralaophonte (Paralaophonte)
asellopsiformis (Lang 1965)
Only one Laophonte cornuta (Philippi 1840)
sampling Halectinosoma finmarchicus (Scott
1903) nomen dubium (according to
Clément and Moore 2000)
Harpacticus spinilosus (Lang 1965)
Paramphiascella robinsonii (Scott
1902)
Silva (2006) |PE |Exposed Sandy | Total area Arenopontia (Neoleptastacus) indica
beach — (m?) =0.15 accepted as Neoleptastacus indicus
dissipative (Rao 1967)

One station/

Arenopontia (Arenopontia) intermedia

intertidal accepted Onycophontia intermedia as
(Rouch 1962)

4,5,0r8 Arenosetella germanica germanica

strata (Kunz 1937)

3 sampling Noodtiella hoodensis (Mielke 1979)

Pseudoleptomesochrella bisetosa
(Lindgren 1975)

Attheyella (Canthosella) sp.

Ceuthonectes sp.°

Diarthrodella sp.

Elaphoidella sp.®

Eoschizopera (Eoschizopera) sp.
accepted as Eoschizopera sp.

Oniscopsis sp.

Schizoperopsis sp. accepted as
Schizopera sp.

Schizoperopsis
(Psammoschizoperopsis) sp.

(continued)
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Table 3.2 (continued)

Sampling
Study State | Type environment | information Faunistic composition*
Kiharaetal. | SP | Sandy beaches Qualitative Afrolaophonte
(2011)¢ (dissipative and | sampling Amphiascus
reflective) 7 sandy Arenopontia
beaches Arenosetella
Filexilia

“Taxonomic status based on WORMS (Walter and Boxshall 2020)

"Freshwater taxa based on WORMS (Walter and Boxshall 2020)

‘Genera mentioned to sandy beaches. Rocha et al. (2011) showed a complete list of Harpacticoida
in different coastal environments from the northern coast of the state of Sao Paulo

compared to reflective ones. However, the number of observations is still very incip-
ient to firmly establish a relationship between diversity and the morphodynamic state.

3.4.2 Nematoda

Nematodes are among the most abundant taxa on Brazilian sandy beaches, repre-
senting nearly 80% of total meiofauna in many studies (e.g., Wandeness et al. 1997;
Souza-Santos et al. 2003; Pinto and Santos 2006). They may also be very diverse,
even compared to other habitats, such as estuaries (Venekey et al. 2010). More than
50 nematode families were already registered along the Brazilian sandy beaches,
and more than 70 genera are exclusively found in this habitat (some examples are
given in Fig. 3.2a-h) (Venekey et al. 2010). However, few studies identify nema-
todes at low taxonomic levels (e.g., Bezerra et al. 1997; Netto et al. 2007; Maria
et al. 2008, 2013c; Venekey et al. 2014a).

The taxonomic descriptions of marine nematodes from Brazilian sandy beaches
began in the 1950s with the work of Gerlach on the southeastern and northeastern
coasts (Gerlach 19564, b, ¢, 1957). Only 50 years later, new taxon descriptions were
published (Fonséca-Genevois et al. 2009). One of the most abundant and diverse
nematode taxa on Brazilian sandy beaches is the Chromadoridae family, which is
commonly dominant in sediments of exposed sandy beaches (Urban-Malinga et al.
2004; Maria et al. 2013a, b, ¢). About 25 Chromadoridae genera are known to occur
in Brazil. Prainha beach, on Bertioga (state of Sao Paulo), and Maragogi (state of
Alagoas), are the type locality of Hypodontolaimus pumilio and Prochromadorella
spinosa, respectively. Xyalidae family is also common on the Brazilian coast, with
more than 30 species recorded (Venekey et al. 2014b). Among them, 13 have a
Brazilian beach as type locality (Table 3.3).

Metachromadora (Desmodoridae) is the most common nematode genus found in
ecological surveys, being registered along most beaches of the Brazilian coast
except in the state of Pernambuco (Venekey et al. 2010). Four species have beaches
of the southeastern coast as type locality: Metachromadora pneumatica and M.



68 T. Maria et al.

Fig. 3.2 Nematodes found at Brazilian sandy beaches: (a) Ascolaimus, scale 100 pm;
(b) Calyptronema, scale 100 um; (¢) Bathylaimus, scale 100 um; (d) Euchromadora, scale 100 pm;
(e) Pseudocromadora, scale 100 pm; (f) Parancanthoncus, scale 150 pm; (g) Enoplolaimus,
scale 100 pm; (h) Trissonchulus, scale 200 pm. (Photos: A.M. Esteves and T.F. Maria)
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Table 3.3 Species of Species State®
Xyalidae nematodes

. . . Daptonema heterum (Gerlach 1957)° SP
described in Brazil - -
Elzalia floresi (Gerlach 1957) SP
Metadesmolaimus tersus (Gerlach SP
1957)

Paramonhystera stricta (Gerlach 1957) | SP
Pseudosteineria pavo (Gerlach 1957)¢ | SP

Pseudosteineria scopae (Gerlach PE
19564, b)

Rhynchonema cemae (Bezerra Smol PE
and Vincx 2014)

Rhynchonema veronicae (Bezerra Smol | PE
and Vincx 2014)

Steineria ericia (Gerlach 1956a, b) SP
Steineria marcorum (Gerlach 1956a, b) | SP
Steineria tripartita (Gerlach 1957) SP
Theristus acribus (Gerlach 1957) SP
T. stranus (Gerlach 1957) SP

SP Sio Paulo, PE Pernambuco

*According to Venekey et al. (2014b)

"Mentioned as Trichotheristus heterus in Venekey
et al. (2014b)

‘Mentioned as Steineria pavo in Table 1 from
Venekey et al. (2014b)

spectans occur in the state of Sdo Paulo, whereas M. prepapillata and M. verae were
described in the state of Rio de Janeiro.

3.4.3 Annelida

Annelida is a phylum with more than 17,000 described species with vast morpho-
logical diversity and ecological ubiquity (Weigert and Bleidorn 2016). Meiofaunal
forms represent more than 400 species classified into 25 families of annelids
(Worsaae 2020, 2021). While most of these families have both macrofaunal and
meiofaunal representatives, 11 are considered entirely meiofaunal or interstitial
(Worsaae and Kristensen 2005). Meiofaunal annelids are morphologically diver-
gent, small, and comparatively simple forms, so they were initially grouped within
the so-called Archiannelida (Worsaae and Kristensen 2005). Nowadays, based on
phylogenomic studies, we know that these families are scattered throughout the
annelid phylogenetic tree, plausibly evolving in convergence as small organisms
either by secondary miniaturization or progenesis, depending on the group (Laumer
et al. 2015; Struck et al. 2015).



70 T. Maria et al.

Fig. 3.3 Annelids and a nemertean from Brazilian sandy beaches: (a) Nerilla mediterranea
(Annelida: Nerillidae), scale bar: 250 pm; (b) Saccocirrus pussicus (Annelida), scale 250 pm; (c¢)
Ototyphlonemertes (Nemertea, see Sect. 3.4.7), scale | mm; (d) Claudrilus cordeiroi (Annelida),
scale 100 pm. (Photos: M. Di Domenico; F. Gallucci; G. Fonseca; A.E. Migotto)

Among the exclusively interstitial families, Dinophilidae, Diurodrilidae,
Nerillidae, Polygordiidae, Protodrilidae, Protodriloidae, and Saccocirridae were
recorded in Brazil (some examples are given in Fig. 3.3a, b, and d). In total, 12 spe-
cies have been recorded from these groups, placing the Brazilian coastline as a well-
known diverse site regarding interstitial annelids families after European Countries
(Italy, German, England, Spain, and France) and the USA. This diversity is linked
to the sampling effort performed in the state of Sao Paulo, which started during the
middle of the twentieth century with the studies conducted by Prof. Eveline
D-B.R. Marcus and is still performed today, favored by the presence of marine
research centers along the state coast. Currently, Brazil hosts the type locality of one
genus (Pharhyngocirrus) and four nominal species of interstitial annelids (Marcus
1946, 1948; Siewing 1954; Westheide 1974; Santos and Silva 1992/93; Di Domenico
etal. 2013, 2014a, b), most of them described at state of Sdo Paulo, both by resident
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or visiting researchers. In contrast, the North and Northeast region of Brazil remain
unexplored regarding sandy beach meiofaunal annelids.

The studies on meiofaunal annelids on the Brazilian sandy beaches have focused
almost exclusively on taxonomic aspects (Marcus 1946, 1947a, b, 1948; Siewing
1954; Westheide 1974; Santos and Silva 1992/93; Di Domenico et al. 2013, 2014a,
b). Records are from the coast of the states of Sdo Paulo (Santos, Ilhabela, and
Ubatuba), Rio de Janeiro (Rio de Janeiro city and Ilha Grande), Bahia (Ilhéus),
Santa Catarina (Balnedrio Camborid, Navegantes), and Parand (Guaratuba and
Matinhos).

Nerillidae is the most species-rich family of meiofaunal annelids, but only two
species are officially recorded in Brazil: Nerilla mediterranea (Fig. 3.3a) and
Mesonerilla ecuadoriensis (Marcus 1947a, b). Nerilla mediterranea was reported in
Santos, state of Sdo Paulo (Marcus 1947a, b), and at Praia Vermelha, state of Rio de
Janeiro (PJ.P. Santos, unpublished data). Mesonerilla ecuadoriensis was first
described for the Galdpagos Islands (Schmidt and Westheide 1977) and was reported
to Praia Vermelha, state of Rio de Janeiro (P.J.P. Santos, unpublished data). Nerilla
mediterranea was recorded on the Itassusse Island subtidal zone at the Barequecaba
Beach, Sdo Sebastido, state of Sdo Paulo.

The highest diversity of Protodrilidae is known from the Eastern Atlantic and
Mediterranean Sea (18 species, 51% of the 35 described species). In contrast, only
seven species are known from the Western Atlantic: Claudrilus corderoi (Fig. 3.2d),
from Ilhabela, state of Sdo Paulo (Brazil) and possibly Dominica (Caribbean Sea),
Protodrilus gelderi from Massachusetts Bay (USA), P. smithsoni, P. hochbergi, and
Claudrilus draco (Martinez et al. 2013) from Panama and Belize, Claudrilus ovar-
ium, and Protodrilus pythonius (Di Domenico et al. 2013) from Santa Catarina to
Rio de Janeiro states in Brazil. A few records to the genus level are also reported
from the Western Atlantic (Kirsteuer 1967; Di Domenico et al. 2009; Ruebush
1939). Despite its turbulence, the swash zone of reflective beaches seems to provide
an ideal habitat for several adapted interstitial groups, including several protodrilid
species (Di Domenico et al. 2009; McLachlan 1985). The presence of adhesive
glands, as well as special epidermal glandular or skeletal structures, foraging strate-
gies, and escape motility are the most common adaptations to such extremely turbu-
lent environments (Delamare-Deboutteville 1960; Boaden 1995; Giere 2009; Jouin
1970; McLachlan 1988).

Saccocirridae is represented by two species belonging to the genus Saccoccirus.
They are an important component of the interstitial communities in many exposed
sandy beaches, where they are often found associated with nemerteans and feed on
suspended particles while drifting along with the wave action (Di Domenico et al.
2014a, Di Domenico et al. 2019) (Fig. 3.3c) and proseriates (see Sect. 3.4.7).
Saccoccirus species are non-selective and have been found to ingest microscopic
fibers on several beaches of the world, including several sandy beaches on the
Brazilian coast (Gusmao et al. 2016). The two species found in Brazil inhabit differ-
ent environments in terms of grain size and hydrodynamics. Pharyngocirrus gabri-
ellae is found in intertidal or subtidal regions in sheltered coasts. In contrast,
Saccocirrus pussicus (Fig. 3.2b) is found in intertidal zones of exposed beaches (Di
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Domenico et al. 2014a) and has distribution correlated with environmental factors
such as waves, beach slope, and content of carbonates (Di Domenico et al. 2014b).
Both genera are described as small, dependent on labile material, and capable of
feeding by grabbing suspended material with their palps or directly with their
mouths. It is suggested that Pharyngocirrus gabriellae is predominantly herbivo-
rous while Saccocirrus pussicus is primarily carnivorous, but there is probably
some overlapping in both diets (Jumars et al. 2015).

3.4.4 Tardigrada

The phylum Tardigrada is composed of microinvertebrates (from 70 to no more than
1000 pm) commonly found in terrestrial habitats (mainly in mosses and lichens) but
also observed in marine and freshwater environments (Kaczmarek et al. 2015;
Nelson et al. 2015). Currently, there are 30 families, 142 genera, 1298 species, and
34 subspecies assigned to Tardigrada (Degma et al. 2019). However, only ~220 spe-
cies and subspecies are marine, representing less than 20% of all known tardigrade
taxa (Fontoura et al. 2017).

Worldwide, marine tardigrades have been considerably more studied on the con-
tinental shelf than on the coast, with only a few records on sandy beaches. At least
32 species have been recorded on the Brazilian coast, 19 from sandy beaches, and
13 from continental margins (da Rocha et al. 2013; Santos et al. 2017, 2019b;
Gomes-Junior et al. 2018, 2020; Barros 2020). Regarding sandy beaches species,
approximately half belong to the genus Battilipes (Fig. 3.4a). Most were not origi-
nally described from samples collected in Brazil (contrasting a general trend that
marine tardigrades have small range size distributions; Kaczmarek et al. 2015;
Miller and Perry 2016). Records of tardigrades were performed on few beaches
along the Brazilian coastline, the majority located in the Northeastern coast (states
of Alagoas, Ceard, Pernambuco, Rio Grande do Norte), with few in the Southeastern
coast (states of Sao Paulo and Rio de Janeiro).

The first studies with marine Brazilian tardigrades were done by Marcus (1946)
and Bois-Reymond Marcus (1952) that described the new species Batillipes pen-
naki and Orzeliscus belopus (also a new genus) from samples collected from the
states of S@o Paulo and Rio de Janeiro, respectively. Subsequently, both species
were recorded worldwide in many distinct biogeographic ecoregions and were con-
sidered cosmopolitan (Kaczmarek et al. 2015). However, a more integrative taxon-
omy approach detected intraspecific variations among populations of both species,
which are nowadays considered a species complex (Santos et al. 2019b).

Most studies on Brazilian sandy beach tardigrades are taxonomical (Marcus
1946, 1952; Hofling-Epiphanio 1972; da Rocha et al. 2009, 2013; Moura et al.
2009; Santos et al. 2017; Barros 2020), while few of them investigated spatial and
temporal distribution (Victor-Castro et al. 1999; da Rocha et al. 2002, 2004; Vergosa
et al. 2009; Tilbert et al. 2019).
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Fig. 3.4 Tardigrades, gastrotrichs, and kinorhynchs from Brazilian sandy beaches: (a) Batillipes
sp. (Tardigrada), scale bar: 50 pm; (b) Crasiella fonseci (Macrodasyida), scale bar: 30 pm; (c¢)
Dendrodasys sp. (Macrodasyida), scale bar: 50 um; (d) Aspidiophorus sp. (Chaetonotida), scale
bar: 50 pm; (e) Cateria styx with its enigmatic dorsal organ (Kinorhyncha), scale bar: 60 pm; (f)
Franciscideres kalenesos (Kinorhyncha), scale bar: 50 pm. (Photos: M. Di Domenico; F. Gallucci;
G. Fonseca; A.E. Migotto; A.R.S. Garraffoni; SEM photos (e) and (f) gently provided by Martin
V. Sgrensen)

3.4.5 Gastrotricha

Gastrotricha (80-3500 pm in total length) are commonly found in marine and fresh-
water benthic interstitial environments. They are recognized due to the presence of
locomotory ventral cilia, complex anatomy, and life cycle with a predominance of
hermaphroditism (Balsamo et al. 2014; Kieneke and Schmidt-Rhaesa 2015; Todaro
et al. 2019a).
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The taxon comprises almost 860 species (Todaro 2020), traditionally divided
into two orders: Macrodasyida (Fig. 3.4b, c) and Chaetonotida (Fig. 3.4d). The first
order has more than 370 species (99% are marine) with strap-shaped bodies, the
presence of pharyngeal pores, and numerous adhesive tubes in distinct regions of
the body (Kanneby and Hochberg 2015; Kieneke and Schmidt-Rhaesa 2015; Todaro
et al. 2019a). Within Chaetonotida, nearly 500 species were described (35% from
marine habitats) with tenpin-shaped bodies and one pair (rarely two) of adhesive
tubules, limited to the posterior end (Balsamo et al. 2014; Kieneke and Schmidt-
Rhaesa 2015).

Until two decades ago, marine gastrotrichs could be considered unknown in
Brazil, with Marcus (1952) and Forneris (1985) only mentioning undescribed
Gastrotricha species on the coast of the state of Sdo Paulo. Todaro and Rocha
(2004, 2005) were the first to conduct extensive samples along the Northern coast
of the state of Sdo Paulo and the southern part of the state of Rio de Janeiro. As a
result, these authors reported almost 50 species (most of them undescribed) and
described the first species endemic from Brazil, Macrodasys fornerisae. After
these pioneers’ studies, Todaro (2012, 2013), Aratjo et al. (2014, 2016, 2022),
Hochberg (2014), Garraffoni et al. (2017), Todaro et al. (2019b), Campos et al.
(2020), and Bosco et al. (2020) described new species and reported recent occur-
rences for the coast of the states of Sao Paulo, Rio de Janeiro, Espirito Santo,
and Bahia.

The studies on Brazilian marine gastrotrichs are almost exclusively taxonomic,
with 24 species identified so far (Campos and Garraffoni 2019; Campos et al.
2020; Aratjo et al. 2022). The Chaetonotida is the richest taxon in the number of
species (16 species), followed by Macrodasyida (10 species). However, the marine
gastrotrich richness is underestimated as more than 75% of the total number of
species collected were reported as new species but have not been formally
described yet (Todaro and Rocha 2004, 2005; Garraffoni et al. 2017; Campos and
Garraffoni 2019). Only eight species, all macrodasyids, were initially described
from samples collected in Brazil. Records were performed on less than 40 beaches
along the Brazilian coastline, with approximately 70% located in Sdo Paulo and
the remaining 30% found in Rio de Janeiro, Espirito Santo, and Bahia (Campos
and Garraffoni 2019). Ecological investigations on Brazilian gastrotrichs are lim-
ited to the studies done by Garraffoni et al. (2016) and Guidi et al. (2022).
Garraffoni et al. (2016) attempted to understand the influence of environmental
variables (e.g., sediment parameters, geographical position, location, and across-
shore zone) on the gastrotrichs distribution over Brazilian sandy beaches. They
found that the diversity patterns of Gastrotricha were explained by sediment tex-
tures, tidal zones, and localities. Guidi et al. (2020), in turn, investigated the sper-
matozoon morphology, spermatogenesis, and reproductive system of Acanthodasys
australis (Bosco et al. 2020).
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3.4.6 Kinorhyncha

The phylum Kinorhyncha is composed exclusively of marine and free-living meta-
zoans. Kinorhynchs are segmented and spined animals, less than 1 mm long, and
distributed worldwide (Sgrensen and Pardos 2008). The taxon constitutes ca. 300
species distributed in 29 genera and 11 families (Sgrensen and Pardos 2020) inhab-
iting sand or mud, from the intertidal zone to abyssal depths throughout the world
(Neuhaus and Higgins 2002).

The taxonomical history of the Brazilian kinorhynchs remains overlooked, and
only eight studies have been published until now (Gerlach 19564, b; Higgins 1968;
Dal Zotto et al. 2013; Sgrensen 2011, 2014; Neuhaus and Kegel 2015; Herranz et al.
2019, 2021a, b; Mello et al. 2019). The aberrant species, Cateria styx (Fig. 3.4e),
belonging to the family Cateriidae was described from intertidal sands on a high-
energy beach at Macaé (state of Rio de Janeiro). The taxonomic status of the genus
Cateria was discussed by Higgins (1968) based on new material collected at
Toninhas beach, Ubatuba, state of Sdo Paulo, and from Cavaleiro beach near the
type locality. In this same study, the author also designated a new lectotype and
paralectotypes. Recently, Neuhaus and Kegel (2015) published a taxonomic revi-
sion of type and non-type specimens belonging to the genus Cateria and redescribed
C. styx using light microscopy techniques for the first time.

More than 50 years after Gerlach’s study, Sgrensen (2011) published the first
report of Echinoderes from Brazil with the material collected in the state of Sao
Paulo. In 2013, Dal Zotto and co-authors described another aberrant kinorhynch,
from Ilhabela and Sdo Sebastido (state of Sdo Paulo) and Guaratuba (state of
Parand), with morphological characters unknown for the entire taxon, called
Franciscideres kalenesos. However, due to uncertainties and conflicting signals, the
authors preferred to treat Franciscideres as incertae sedis. After, Sgrensen et al.
(2015), based on phylogenetic relationships obtained by molecular and morphologi-
cal (apomorphy: the presence of a neck region with segment-like ring) data, desig-
nated the new family Franciscideridae to accommodate Franciscideres and
Gracilideres (Yamasaki 2019).

Cateria has been an enigmatic kinorhynch genus due to its aberrant worm-like
shape and extremely thin cuticle. However, the rare occurrence of the species, only
found in sandy intertidal habitats, and the poor preservation of the type material
have hampered detailed studies of the genus over time. Sixty years after the original
description of Cateria styx, Herranz et al. (2019) present an extensive morphologi-
cal and functional study based on new material collected from Cavaleiro beach,
state of Rio de Janeiro. Cateria styx was found to display a complex array of cuticu-
lar structures (spines, spinoscalids, and extraordinarily complex cuticular ornamen-
tation) that was interpreted as an adaptation for mechanical adhesion, through
friction and interlocking, in an interstitial habitat; the enigmatic dorsal organ is a
hydrostatic structure, which functions is inferred to be adhesive (Herranz et al.



76 T. Maria et al.

2019, 2021a, b). Herranz et al. (2021b) provided a comprehensive and comparative
myoanatomical study of Cateria styx, Franciscideres kalenesos. Both species
showed a weak external segmentation of the trunk with a distinct segmental arrange-
ment of the musculature (Herranz et al. 2021b). Intriguingly, the aberrant Cateria
styx and Franciscideres kalenesos found at intermediate Brazilian sandy beaches
showed the nervous system to be segmental and similar to those of non-aberrant
kinorhynchs; hereby not mirroring their otherwise aberrant and posteriorly shifted
myoanatomy (Herranz et al. 2021a).

Recently, the spatial abundance of Franciscideres kalenesos (Fig. 3.4f) was
described and associated with the hydrodynamic zones in intermediate/dissipative
beaches. Also, the distribution of F. kalenesos occurred in a narrow strip of the
beach, located in a high turbulence zone. Within this zone, F. kalenesos was distrib-
uted in patches separated every 30 m. The observed zonation in sandy beaches and
the patchy distribution in turbulent habitats like these have not previously been
described for a species of this phylum (Mello et al. 2019).

3.4.7 Other Groups

Besides the groups presented before, sandy beaches harbor an enormous number of
meiofaunal species and genera belonging to Platyhelminthes (Proseriata and
Rhabdocoela), Acoela (formerly included in Platyhelminthes), Mollusca
(Opisthobranchia), and Nemertea (e.g., Marcus 1946, 1947a, b, 1948, 1950, 1955,
1957, 1958; Marcus and Marcus 1951, 1954a, b, 1955, 1956, 1957; Corréa 1948,
1949, 1950, 1953, 1954, 1957).

Brazil is one of the most diverse known countries in the world for its “microtur-
bellarian” fauna, and they are abundant on sandy beaches (Braccini et al. 2016).
Most marine free-living Platyhelminthes species belong to the meiofauna, exclud-
ing most Polycladida and few representatives of the Tricladida Maricola (Cannon
1986). Members of the Kalyptorhynchia (Rhabdocoela) (Fig. 3.5¢) may occur in
epibenthic habitats such as the periphyton (mixture of algae, cyanobacteria, hetero-
trophic microbes, and detritus), while all other taxa are almost exclusively found
interstitially and are among the dominant meiofaunal groups in sandy beaches and
brackish-water habitats (Giere 2009). Recently two species of Typhlopolycystis and
one species of Carcharodorhynchus (C. brasiliensi) were described for sandy
beaches in the state of Sao Paulo. Carcharodorhynchus brasiliensis, particularly,
was found on several beaches in Sdo Sebastido (Reygel et al. 2014). Proseriata, the
second most diverse taxon of interstitial Platyhelminthes, is usually the most abun-
dant animal group in terms of the number of individuals in sediments with medium
to coarse-sand and low organic matter content (Curini-Galletti 2001). This taxon
may be so abundant in the swash zone of exposed reflective beaches that they char-
acterize the entire interstitial community, known after the dominant genus in the
Mediterranean, as the “Otoplana-zone” (Remane 1933; McLachlan and Defeo
2018). The genus Otoplana is endemic to the Mediterranean-Lusitanian Region
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(Scarpa et al. 2017), but the family Otoplanidae has representatives of the genus
Kata occupying the same environment on Brazilian sandy beaches. Two species,
Kata leroda and Kata evelinae, were found on several sandy beaches in Brazil (state
of Sao Paulo; Curini-Galletti 2014). These species differed in habitat preference:
K. leroda (Fig. 3.5b) was common along the continental coast of Sdo Sebastido,
while K. evelinae was only found on a high-energy beach on the outer Coast of
Ilhabela (Curini-Galletti 2014). Finally, among the Platyhelminthes the Brazilian
waters have maybe one of the most intriguing tricladids closely related to Maricola,
named Puiteca camica (Fig. 3.5a). These worms are found occasionally on sandy
beaches between the headlands and may be found in algae associated with rocky
shores or sand sediments from intertidal and subtidal (MDD, MCG, personal com-
munication). For a complete overview of Platyhelminthes on Brazilian sandy
beaches, see Marcus (1946, 1948, 1949, 1950, 1951, 1952, 1954), Curini-Galletti
(2014), Reygel et al. (2014), and Schockaert et al. (2019).

The Phylum Acoelomorpha (Philippe et al. 2011) was reported in the Brazilian
sandy beaches at the order-level as Acoela by Hooge and Rocha (2006), Marcus
(1948, 1949, 1950, 1951, 1952, 1954), and Marcus and Marcus (1955, 1957)
(Fig. 3.5d). The records of the order Nemertodermatida are still absent on the
Brazilian Coast. The majority of Acoela and Nemertodermatida are typical

Fig. 3.5 Flatworms and related groups from Brazilian sandy beaches: (a) Puiteca camica
(Tricladida, Platyhelminthes), scale bar: 200 pm; (b) Kata leroda (Otoplanidae, Platyhelminthes),
scale bar: 50 pm; (c¢) unknown species (Rhadcoela, Platyhelminthes), scale bar: 50 pm; (d)
unknown species (Acoelomorpha), scale bar: 40 pm. (Authors: M. Di Domenico; F. Gallucci;
G. Fonseca; A.E. Migotto)
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representatives of soft-bodied, interstitial meiofauna. Acoela is the most diverse
group, with about 440 nominal species described worldwide (Jondelius and
Jondelius 2020). In Brazil, there are 35 species described, 28 by Ernest Marcus and
Eveline Du Bois-Reymond Marcus (from 1948 to 1957), and seven by Hooge and
Rocha (2006). Hooge and Rocha (2006) sampled 31 sites along the sandy beaches
around Sdo Sebastido Coast and found 21 species of Acoela on different types of
beaches.

Nemertea has more than 1300 species known (Norenburg and Stricker 2002;
Strand and Sundberg 2010), and about 50 meiofaunal-sized species are known
worldwide, occurring interstitially in coarse-sand sediments. The most characteris-
tic interstitial nemerteans belong to the statocyst-bearing genus Ototyphlonemertes,
with at least 33 nominal species known worldwide (Dohren and Bartolomaeus
2020) (Fig. 3.2¢). Ototyphlonemertes is highly suggestive of the presence of cryptic
species, which have already been demonstrated on molecular bases (Leasi et al.
2016). Envall and Norenburg (2001) established six “phylomorphs,” small and mor-
phologically homogeneous groups of morphotypes — Duplex, Pallida, Cirrula, Fila,
Lactea, and Macintoshi — that could be diagnosed unambiguously, although one or
more may be paraphyletic or even polyphyletic. In Brazil, Prof. Diva Difiz Corréa
published several papers on the taxonomy of the meiofauna Ototyphlonemertes
(Nemertea) commonly found on the Brazilian sandy beaches (Andrade et al. 2011).
Andrade et al. (2011) performed a study with four widespread Ototyphlonemertes
species from intertidal sand samples collected along the Brazilian Coast at eight
sandy beaches from the states of Santa Catarina to Bahia: O. erneba (Pallida morph),
O. evelinae (Duplex-morph), O. parmula (representative of the Fila morph), and
O. lactea (representative of the Lactea morph). They found strong evidence of gene
flow among O. erneba and O. evelinae, and their level of populational genetical
structure is much lower than for the other two species.

3.5 Meiofauna and Environmental Impacts

Sandy beaches cover more than 30% of the world’s ice-free coastlines. They are
popular recreational spots and provide important habitats for wildlife (Schlacher
et al. 2007). In Brazil, the main sources of anthropogenic disturbances in sandy
beaches are (1) construction of coastal infrastructure, (2) organic contamination
through sewage discharge, and (3) tourism (Amaral et al. 2016). More recently,
contamination by solid debris has also been recognized as a major threat to this
ecosystem (Thompson et al. 2004; Barnes 2005; Barnes et al. 2009; Suciu et al.
2017). In addition to human activities, threats posed by global climate change such
as rising sea level, increased frequency and magnitude of extreme events, coastal
erosion, rising sea temperatures, and ocean acidification are predicted to have con-
sequences for sandy beaches globally (Amaral et al. 2016; Vousdoukas et al. 2020).
Due to the high vulnerability of this ecosystem and the ubiquitous presence of meio-
fauna within its sand grains, studies worldwide have identified impacts on
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meiofauna, also suggesting these organisms as indicators of disturbance and envi-
ronmental quality (Kennedy and Jacoby 1999; Gheskiere et al. 2005; Sun et al.
2014). Nevertheless, studies that have investigated the impacts of anthropogenic
disturbances on meiofauna at Brazilian sandy beaches are extremely scarce.

The first two studies found in the peer-review literature are relatively recent (i.e.,
2003), probably due to the somewhat recent development of meiofauna ecological
studies in Brazil. Oliveira and Soares-Gomes (2003) investigated the effects of
domestic sewage on the intertidal meiofauna on a sandy beach in the state of Rio de
Janeiro, and Moellmann and Corbisier (2003) analyzed the effects of tourism on
meiofauna on a sandy beach from the coast of the state of Sdo Paulo. Whereas no
effect of the organic pollution was observed by Oliveira and Soares-Gomes (2003),
Moellmann and Corbisier (2003) suggested that trampling and recreational activi-
ties related to tourism probably affect the meiofauna, changing the vertical distribu-
tion and inducing downward migration in the sediment to avoid disturbance in areas
of high human concentration. In both studies, however, some clear shortcomings
regarding sampling design (which precludes the determination of a cause-effect
relationship between human activities and meiofauna structure) as well as the low
taxonomic resolution used (both have identified meiofauna to major zoological
groups) demand caution when interpreting their results. Recently, Santos et al.
(2021) evaluated the effects of recreational activities on meiofaunal communities
and nematode assemblages on Amazonian sandy beaches (state of Pard). By sam-
pling three beaches with distinct disturbances levels (Urban: Atalaia; Intermediary:
Farol-Velho; and Protected: Corvinas) before, during, and after the tourist season,
the authors found that the structure of the meiofaunal assemblages varied as a con-
sequence of sediment compaction linked to the higher number of tourists.

Regarding urbanization, Felix et al. (2016) used an innovative approach to inves-
tigate the relationship between sandy beach visual attractiveness (classified in lower
and higher rate units) and meiofauna biodiversity in urbanized and semi urbanized
sandy beaches in Brazil and Uruguay. Lower-rated beach units exhibited signs of
lower environmental quality, indicated by lower nematode densities and higher oli-
gochaete densities. Interestingly, sandy beach infrastructure (i.e., kiosks, lifeguards,
and many other leisure services) and sidewalk, conspicuous in lower-rated units and
absent in higher-rated units, explained almost the same variability of meiofauna as
grain size and sorting.

When it comes to marine debris, Gusmao et al. (2016) reported the ingestion of
synthetic fibers by the polychaete Saccocirrus at sandy beaches in the states of
Santa Catarina and Rio de Janeiro and suggested that their non-selective micropha-
gous suspension-feeding behavior makes them more prone to ingest these micro-
plastics. Laboratory observations showed that microfibers were rapidly egested with
no apparent physical injury.

Finally, Santos et al. (2019a) analyzed the nematode assemblages from seven
sandy beaches under different types of pressure in the state of Rio de Janeiro.
Despite the high human density, most urban and touristic beaches did not show
distinct values for the diversity measures when compared to the most preserved
beaches.
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3.6 Final Remarks

Sandy beaches are central economic assets, attracting more tourists and recreational
users than any other coastal ecosystem. They harbor a rich and dense community of
benthic fauna that plays multiple roles, such as nutrient regeneration, provision of
food for fishes and seabirds, and trophic subsidies to terrestrial consumers.
Meiofaunal organisms, due to their high abundance and short life-cycles, are essen-
tial for coastal food web and nutrient cycling. Moreover, they can be important
indicators of environmental changes in sandy beach ecosystems.

Despite the late start, Brazilian sandy beach meiofauna studies have increased
considerably over the past decades, and much of this important biodiversity has
been unveiled. Nematodes are thus far the most well-known meiofaunal taxon on
Brazilian sandy shores, but we are also discovering many species from different
groups such as Copepoda, Annelida, and Gastrotricha.

The increasing threats associated with human activities and climate change claim
an urgent need to understand their impacts on Brazilian sandy beaches. In this con-
text, future studies should take advantage of meiofaunal organisms to better under-
stand and preserve the biodiversity and functioning of Brazilian sandy beaches.
Ideally, the focus should be given to broader studies with clear cause-effect hypoth-
eses that consider proper variability so we can more realistically estimate the risks
posed by anthropogenic disturbances on sandy beach ecosystems. That could be
achieved through collaborative studies within the increasing number of meiofauna
research groups, which are currently distributed from the northern to the southern
coasts of Brazil, as well as with experts from other research areas if we want to
estimate how impacts on meiofauna can be translated to effects on the ecosystem
functions they provide.
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Chapter 4
Benthic Invertebrate Macrofauna

Guilherme Nascimento Corte and Antonia Cecilia Zacagnini Amaral

4.1 Introduction

The benthic invertebrate macrofauna is probably the better-known component of
sandy beach biodiversity. These organisms are defined as those with sizes larger
than 0.5 mm and are usually characterized according to their position on the sea-
floor. Many sandy beach organisms live and feed upon the sediment surface and are
known as epifauna. Yet, most species are found within the sediment, inhabiting
tubes or galleries, or simply living among the sand grains. Those are known as
infaunal organisms.

Sandy beach macrofauna includes representatives of all major taxa such as
nemerteans, anthozoans, platyhelminthes, sipunculids, annelids (polychaetes, oli-
gochaetes, and echiurans), mollusks, crustaceans, hemichordates, insects, and echi-
noderms (McLachlan and Brown 2006). Most of these organisms permanently
inhabit sandy beach environments, while others are eventual foragers. Their occur-
rence varies in several spatial scales and is mainly influenced by environmental
characteristics such as sediment type, waves, and tides. To cope with the harsh and
dynamic environment they live in, sandy beach macrofauna presents important
adaptations such as a high degree of mobility and the ability to burrow rapidly
(McLachlan and Brown 2006).

Sandy beach benthic macrofauna is essential for the functioning of sandy beach
ecosystems as they drive important ecological processes such as bioturbation and
cycling of organic matter. Also, several species are important resources for subsis-
tence and income of fishing communities. In this chapter, we present the main
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macrobenthic groups found on Brazilian sandy beaches and discuss important top-
ics of their ecology such as adaptations to the dynamic beach environment and
spatial patterns of distribution. We also review the current knowledge and scientific
gaps related to this important component of Brazilian sandy shores.

4.2 Diversity and Ecology of Brazilian Sandy
Beach Macrofauna

The macrofaunal diversity of Brazilian sandy beaches follows similar trends
observed worldwide, with a higher number of species and individuals belonging to
Annelida (Polychaeta), Mollusca, and Crustacea (Amaral et al. 2016). Here, we
present the most frequent and abundant groups along the Brazilian coast as well as
other groups with high ecological importance due to their positive effect on local
biodiversity or use as ecological indicators.

4.2.1 Annelida (Polychaetes)

Polychaete worms (annelids) are sensitive to wave action and increase in sediment
grain size, becoming more common as beach exposure decreases and sands become
finer (McLachlan and Brown 2006). Therefore, polychaetes are very abundant on
sheltered or dissipative beaches, where they usually dominate the intertidal and sub-
tidal zones (McLachlan and Brown 2006; Amaral et al. 2016). Due to the ecological
and taxonomical advances made over the last few decades, the knowledge about the
diversity and ecology of polychaetes in Brazil is significant. So far, about 1400 spe-
cies, belonging to almost 500 genera and 70 families, have been registered on the
Brazilian coast (10% of the valid species worldwide) (Amaral et al. 2013; Lana
et al. 2017). The families Capitellidae, Glyceridae, Nephytidae, Nereididae,
Onuphidae, Opheliidae, Orbiniidae, and Spionidae are likely the most abundant on
Brazilian sandy shores, while Arenicolidae and Chaetopteridae can be highlighted
due to their ecological importance.

Sandy beach arenicolids (lugworms) are among the largest polychaetes to be
found on sandy beaches, ranging from 10 to 40 cm in length (Steiner et al. 2016).
They typically occur in the intertidal region and shallow-water zones occupying
U-shaped burrows easily recognized as a funnel-like depression indicating the head
end and small piles of sediment (worm castings) in the tail end of the burrow (Steiner
et al. 2016). Arenicolids are characterized as subsurface deposit feeders and can eat
as much as several hundred times their body weights per day (Taghon 1988; Jumars
et al. 2015). They circulate large volumes of water through their burrow and oxy-
genate the sand via bioturbation (i.e., the ecological process by which benthic mac-
rofauna transport sediment particles and solutes through feeding, digging, and/or
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Fig. 4.1 Annelida “Polychaeta.” (a) Arenicolidae: Arenicola brasiliensis, full animal (Sao Paulo,
photo: Gabriel Monteiro); (b) the marks left by the presence of Arenicola, a funnel-shaped depres-
sion and the piles of sediments, can be observed on the surface of the sediment (Sao Paulo, photo:
Cecilia Amaral); (c) Capitellidae: Capitella sp., full animal (Sao Paulo photo: Gabriel Monteiro);
(d) Chaetopteridae, full animal; (e) upper ends of Chaetoperidae tubes; (f) Glyceridae, full animal
(Sdo Paulo, photos: Alvaro Migotto)

building galleries). The species Arenicola brasiliensis is the most common arenico-
lid on Brazilian sandy beaches (Fig. 4.1a, b).

Capitellidae worms are highly opportunistic and capable of rapid colonization of
environments subjected to organic enrichment, especially sheltered areas with high
percentages of fine sand and mud. They are characterized as motile subsurface
deposit feeders (Jumars et al. 2015; Silva et al. 2017). The genera Capitella and
Heteromastus are the most common capitellids on Brazilian sandy beaches, and the
species Capitella capitata is a very relevant taxon in ecological monitoring studies
(Gorman et al. 2017; Checon et al. 2018a, 2021a). Yet, molecular studies found that
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this “species” is a complex of many cryptic species (Livi et al. 2017; Silva et al.
2017). Silva et al. (2017) investigated the diversity and distribution of the C. capi-
tata complex along the Brazilian coast and revealed the existence of four new spe-
cies: Capitella aracaensis, C. biota, C. neoaciculata, and C. nonatoi (Fig. 4.1c).

Chaetopterids are tubicolous and commonly found in U-shaped tubes in sedi-
ments of sheltered beaches and sand flats. They are characterized as mucus-net sus-
pension feeders and have a body divided into three distinct sections, including
flap-like chaetigers for active pumping (Jumars et al. 2015; Mirza et al. 2020).
Chaetopterids are not among the most abundant polychaetes on Brazilian sandy
beaches; however, they deserve particular attention due to the symbiotic communi-
ties they host inside their tubes. Britayev et al. (2017) studied the species belonging
to the genus Chaetopterus in Vietnam and found that several species coexist in their
tubes, such as the porcellanid crabs Polyonyx spp. and Eulenaios cometes, the pin-
notherid crab Tetrias, the nudibranch Phestilla, the polynoid polychaete
Ophthalmonoe pettiboneae, and the carapid fish Onuxodon fowleri. Similarly, the
species Chaetopterus variopedatus (Fig. 4.1d, e), the most common along the
Brazilian coast, is usually found with the commensal crab Polyonyx gibbesi inside
its tube (Eca et al. 2013). According to Eca et al. (2013), C. variopedatus is a good
biomonitor for metal contamination studies and can be used in ecological monitor-
ing programs.

Glycerids are predatory worms found in soft and mixed sediments and rubble at
all water depths, including sandy beaches. They are characterized as discreetly
motile, setting up a gallery of connected burrows through which they hunt overpass-
ing epifauna taking advantage of the great reach of their everted pharynx (Jumars
et al. 2015). Three genera are found in Brazil: Glycera, Hemipodia, and Hemipodus
(Amaral et al. 2013). The studies on Brazilian glycerids done so far are almost
exclusively taxonomic. Recently, however, Almeida et al. (2019) used stable isotope
analyses to show that Hemipodia californiensis is a top predator in sandy beach
ecosystems (Fig. 4.1f).

Nephtyid worms are generally characterized as active burrowers. They often bur-
row just beneath the sediment-water interface in lower areas of intertidal zones and
are known as carnivores, although several species may be subsurface deposit feed-
ers (Jumars et al. 2015). The studies on Brazilian nephtyids focus on taxonomic
aspects (e.g., Rizzo and Amaral 2007; Franco and Rizzo 2016), with 13 species
identified so far: Nephtys laciniosa, N. acrochaeta, N. caeca, N. fluviatilis, N. hom-
bergi, N. magellanica, N. simoni, N. squamosa, Aglaophamus macroura, A. uru-
guayi, A. juvenalis, A. dibranchis, and Inermonephtys palpata.

Nereidids (Fig. 4.2a) are motile or discretely motile omnivorous polychaetes
(Jumars et al. 2015) mostly found in shallow-water sediments. Their omnivorous
feeding behavior is usually characterized by selective deposit feeding on sand com-
bined with macrophagous carnivory, scavenging, and herbivory (Jumars et al. 2015).
Many species can undergo extensive transformations during reproduction, called
epitokal modifications, which include enlargement of parapodial lobes, replacement
of chaetae for natatory chaetae in posterior chaetigers, development of modified
sensory structures, and retinal transdifferentiation (Peixoto and Santos 2016). These



4 Benthic Invertebrate Macrofauna 95

5 mm

Fig. 4.2 Annelida “Polychaeta.” (a) Nereididae: Laeonereis culveri, anterior region (photo:
Gabriel Monteiro); (b) Onuphidae: Diopatra sp., anterior and median region (photo: Alvaro
Migotto); (¢) Diopatra sp., upper end of the tube (photo: Alvaro Migotto); (d) Opheliidae:
Armandia sp., full animal (photo: Gabriel Monteiro); (e) Orbiniidae, anterior region (photos:
Gabriel Monteiro); (f) Spionidae: Scolelepis sp. (photo: Alvaro Migotto)

modifications allow them to adopt a short pelagic existence to swarm and spawn
gametes. On Brazilian sandy shores, the euryhaline species Laeonereis culveri is
commonly found on beaches close to estuarine areas. The population dynamics and
secondary production of Laeonereis culveri were studied by Omena and Amaral
(2003) in Southeast Brazil, while Sampieri et al. (2020) used cytochrome oxidase I
(COI) barcode sequences to differentiate North and South American Atlantic popu-
lations of L. culveri.



96 G. Nascimento Corte and A. C. Z. Amaral

Onuphids are elongated worms and most common in muddy sand of sheltered
sandy beaches (Amaral et al. 2006). Diopatra is the most species-rich genus of
Onuphidae (~60 species) worldwide and is characterized as tubiculous (Fig. 4.2b,
c). In Brazil, the species D. cuprea is the most abundant. A recent study by Seixas
et al. (2020), however, showed that D. cuprea is a species complex composed by
four species described as D. hannelorae sp. nov., D. marinae sp. nov., D. pectini-
conicum sp. nov., and D. victoriae sp. nov.

Opheliids (Fig. 4.2d) are very motile fusiform worms characterized as subsur-
face deposit feeders. Opheliids are active excavators and some species are strong
swimmers as well (Jumars et al. 2015). On Brazilian sandy beaches, the most com-
mon genera are Thoracophelia (=Euzonus), Armandia, and Travisia (Souza and
Borzone 2007). The population dynamics of Thoracophelia furcifera was investi-
gated by Souza and Borzone (2007) and Otegui et al. (2012) in southern Brazil.
Both studies found that this species has a well-defined distribution in the upper
intertidal zone and recruitment peaks during winter, reaching densities up to 3000
individuals per square meter.

Orbiniid polychaetes (Fig. 4.2e) are motile burrowers very common on muddy
and sandy sheltered beaches. The worms of this family may have a long body —
reaching up to 300 mm — and are characterized as subsurface deposit feeders. The
genera Orbinia, Scoloplos, and Haploscoloplos are the most common on Brazilian
sandy beaches. Despite their importance in sandy beach ecosystems, population
dynamics (Chap. 6) and ecological aspects of Orbiniidae species are still largely
overlooked in Brazil.

Spionidae is one of the richest families within Polychaeta with more than 500
species and 30 genera worldwide (Rocha et al. 2009). Among the genera belonging
to the Spionidae family, Scolelepis (Fig. 4.2f) is the most abundant in beach envi-
ronments (Rocha et al. 2009), commonly occurring in habitats with fine sediments
and high organic matter content (Amaral and Morgado 1994; Rizzo and Amaral
2001). The wide distribution of Scolelepis species is mainly attributed to the mor-
phological characteristics that allow them to adapt well to different sandy beach
environments, such as the presence of an acuminate prostomium, which facilitates
rapid excavation in the sandy substrate, and long palps capable of capturing food in
the water column and on the surface of the sediment. Therefore, this species can act
as a suspension or deposit feeder according to the presence or absence of water flow
(Pardo and Amaral 2004; Rocha et al. 2009; Jumars et al. 2015). Seven Scolelepis
species have been recorded along the Brazilian coast: S. chilensis, S. goodbodyi,
S. squamata, S. texana, S. lighti, S. quinquedentata, and S. gaucha (Rocha et al.
2009). The population dynamics of S. gaucha, the most abundant polychaete spe-
cies in the intertidal zone of subtropical and temperate beaches along the Atlantic
coast of South America (Santos 1991), was investigated by Santos (1991, 1994),
who found that beach morphodynamics was the main factor controlling mortality
and growth of this species. Souza and Borzone (2000) studied the distribution and
population dynamics of S. squamata in Parana state, South Brazil, and observed that
organisms were concentrated in a narrow band along the middle intertidal zone.
Moreover, they found that S. squamata may reach densities of more than 20,000
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individuals per square meter and reproduce continuously throughout the year.
Continuous reproduction was also observed for S. goodbodyi by MacCord and
Amaral (2007) and Ledo et al. (2012) in Southeastern Brazil. The importance of
Scolelepis species is highlighted by its use as an indicator organism by the Brazilian
monitoring network of coastal benthic habitats (ReBentos — http://www.rebentos.
org/) (Amaral et al. 2015). Besides Scolelepis, the genera Dispio, Laonice, and
Prionospio are also very common on Brazilian sandy shores, commonly found co-
occurring within patches of Scolelepis species (Amaral and Nallin 2011).

4.2.2 Mollusca

Mollusks are usually the second-most important group in number of species and
individuals on sandy beaches. However, they can often be the most important group
when it comes to biomass, especially in protected bays and dissipative beaches
(McLachlan and Brown 2006). Given their high biomass and importance as a food
resource, mollusks are likely the most studied group regarding their population biol-
ogy on Brazilian sandy beaches (Chap. 6). The taxonomic classes Gastropoda and
Bivalvia are by far the most diverse on sandy shores in Brazil and worldwide.

4.2.2.1 Gastropoda

Most of the gastropods found on Brazilian sandy beaches belong to the families
Cerithiidae, Nassariidae, Olividae, and Terebridae (Fig. 4.3).

Cerithiidae is a large family of medium-sized marine gastropods with size rang-
ing from 3 to 150 mm. Cerithiids are herbivores and detritivores that graze the sea-
bed mainly in the lower intertidal and sublittoral. The species most frequent on
Brazilian sandy beaches is Cerithium atratum (Fig. 4.3a), an herbivorous that occu-
pies both consolidated and unconsolidated environments and is generally associated
with vegetation (Denadai et al. 2004). This species is an important component in the
food web of coastal ecosystems and shell fragments of C. atratum were observed in
the stomach of crustaceans, gastropods, sea stars, and fishes (Houbrick 1974). The
population biology of C. atratum was studied on the northern coast of the state of
Sao Paulo, Southeastern Brazil by Amaral et al. (2003) and Denadai et al. (2004),
which found that this species represented about 45% of the total number of mol-
lusks in intertidal assemblages of tide-dominated sandy beaches on the coast of Sao
Paulo state.

Nassariids are a family of marine gastropods that are very common in dissipative
beaches and sheltered areas. These snails have rounded shells with a high spire and
can be herbivorous, carnivorous, or scavengers (Lucena et al. 2012). Within the
family Nassariidae, the species Phrontis (=Nassarius) vibex (Fig. 4.3b) is likely the
most common and most studied on Brazilian sandy beaches. Boehs et al. (2004) and
Denadai et al. (2005) showed that P. vibex is one of the most abundant gastropods in
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Fig. 4.3 Mollusca. Gastropoda. (a) Cerethiidae: Cerithium atratum; (b) Nassariidae: Phrontis
(=Nassarius) vibex; (¢) Olividae: Olivella minuta; (d) Terebridae: Hastula cinerea. (Photos: Alvaro
Migotto)

sandy beach environments in South and Southeastern Brazil. The temporal and spa-
tial variation in the egg-capsule deposition by P. vibex was investigated by Yokoyama
and Amaral (2011a), who reported peaks during winter. The same authors studied
the allometric growth of this species (Yokoyama and Amaral 2011b). The incidence
of imposex (i.e., the presence of male characters in females, mainly related to
Tributyltin (TBT) contamination) in different populations of P. vibex was examined
by Cardoso et al. (2009, 2011) and Lima-Verde et al. (2010). The population dynam-
ics (Chap. 6) of P. vibex were investigated by Cabrini and Cardoso (2012), who
found ahigher abundance during spring on a sheltered sandy beachin Southeast Brazil.

Individuals from the family Olividae are typically found semi-buried in the lower
intertidal and subtidal zones of dissipative sandy beaches. They move by sub-
superficial excavation and can be easily found by the trails they leave on the sedi-
ment (Fig. 4.4). The most common genera found on Brazilian sandy beaches are
Oliva, Olivella, and Olivancillaria. The population biology of the species
Olivancillaria vesica was studied by Caetano et al. (2003), who observed the high-
est population densities during winter and autumn in Southeast Brazil, while its
feeding behavior and reproductive cycle and were investigated by Rocha-Barreira
(2002, 2010, respectively). Yet, the most investigated olivid species on Brazilian
shores is Olivella minuta (Fig. 4.3¢), which had its distribution, growth, secondary
production, reproduction, and diet investigated by Araujo and Rocha-Barreira
(2012), Petracco et al. (2013), Corte et al. (2019a, b, 2020), and Checon et al. (2020,
2021b). For a long time, O. minuta was considered a carnivore/scavenger (Marcus
and Marcus 1959; Arruda et al. 2003; McLachlan and Brown 2006). Yet, more
recent studies have found that this species may shift its diet according to habitat
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Fig. 4.4 Mollusca Gastropoda. (a, b) Olividae: Olivella minuta, traces left on the surface of the
sediment. (Photos: Alvaro Migotto)

alterations and food availability, consuming both vegetal and animal organic matter
(Corte et al. 2019a; Checon et al. 2020). The potential of O. minuta as an indicator
of Tributyltin (TBT) contamination was assessed by Petracco et al. (2015).
Gastropods belonging to the family Terebridae are sand-dwelling carnivores that
have high-spired shells with numerous whorls. Hastula cinerea (Fig. 4.3d) is likely
the most common species of the Terebridae family on Brazilian sandy beaches,
where it exhibits an aggregated pattern (tidal migration) and can reach densities of
more than 100 individuals per square meter (Molina et al. 2013). Petracco et al.
(2015) evaluated the potential of H. cinerea as a monitor of TBT contamination and
suggested that this species has good potential based on its wide geographical distri-
bution, common occurrence, easy collection, and association with TBT-contaminated
sediments. Ragagnin and Turra (2021) used this species to show continued and
widespread TBT contamination on Brazilian shores even after its international ban.

4.2.2.2 Bivalvia

Sandy beach bivalves typically occupy the lower zone of the intertidal area or occur
below the tidal limit. Most of them are filter feeders but some species may feed on
organic matter deposits on the sediment. Several families of bivalves can be regis-
tered on Brazilian sandy beaches. Among them, the families Donacidade, Tellinidae,
and Veneridae are among the most common.

Bivalves belonging to the family Donacidae are adapted to strong hydrodyna-
mism and can surf up and down the shore (McLachlan and Brown 2006). Donax
species (Fig. 4.5a) are mostly filter feeders and present a wedge-shaped shell, which
facilitates excavation and burial in the sediment. Their excavation is also facilitated
by their foot with well-developed elevator muscles which allow a fast burrowing in
the lower mid tidal and upper sublittoral zones of beaches of all morphodynamic
types (Cardoso and Veloso 2003; Passos and Domaneschi 2004). Species from the
genus Donax are among the most typical of Brazilian shores, where four species can
be found: D. striatus and D. denticulatus are more commonly recorded on the
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Fig. 4.5 Mollusca Bivalvia. (a) Donacidae: Donax sp.; (b) Tellinidae: Tellina sp.; (c¢) Tellinidae:
Macoma sp.; (d) Tellinidae: Macoma sp., siphon marks on the sedi}ment surface; (e) Veneridae:
Tivela mactroides; (f) Veneridae: Anomalocardia flexuosa. (Photos: Alvaro Migotto)

Northeastern coast, while D. hanleyanus and D. gemmula are more frequently reg-
istered in the Southeastern region (Barroso et al. 2013). Many studies have investi-
gated the ecological aspects of Donax species in Brazil, such as Cardoso and Veloso
(2003), Petracco et al. (2019), and Almeida et al. (2019).

In contrast to donacids, bivalves from the Tellinidae family do not surf and are
more easily found in sandy beach environments not subjected to strong hydrodyna-
mism (McLachlan and Brown 2006). Therefore, they are more typical of sheltered
and dissipative beaches, where they are considered major components of trophic
chains due to their high number of species and abundance (Cardoso et al. 2015).
Tellinids are usually deposit feeders and have ovate shells with slightly unequal
valves. Most of the tellinids are distributed in the midlittoral and sublittoral zones of
sandy beaches (Trevallion 1971; Denadai et al. 2001). The genera Tellina (Fig. 4.5b),
Eurytellina, Macoma (Fig. 4.5¢c, d), and Strigilla are very common on Brazilian
sandy beaches. The species Eurytellina lineata (Tellina lineata) and T. versicolor
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are widely distributed along the Brazilian coast, occurring from the Northeast to the
South coast (Rios et al. 1994). Cardoso et al. (2015) investigated their population
dynamics on a sheltered beach in Southeastern Brazil and found that 7 lineata had
higher density, biomass, and secondary turnover rates than 7. versicolor, likely due
to a difference in capacities to use the available resources.

Veneridae is a large family of medium-sized, suspension-feeder bivalves that
displays a wide variety in shape and color. Similar to tellinids, they are more com-
monly found on sheltered or dissipative beaches. Many species from the family
Veneridae are used as food resources along the Brazilian coast. Among them, the
venerids Tivela mactroides (Fig. 4.5e), Anomalocardia flexuosa (brasiliana)
(Fig. 4.5%), and Iphigenia brasiliana (brasiliensis) are some of the most common in
Brazil, having value as economic and food resources for human populations (Amaral
et al. 2016). Ecological aspects of T. mactroides have been extensively studied in
Southeastern Brazil by Denadai et al. (2005, 2015a, b), Turra et al. (2014, 2016,
2018), and Rech et al. (2021). This species has an ontogenic distribution with young
individuals mostly occurring in the subtidal and lower intertidal levels while bigger
individuals dominate the upper intertidal zones of the beach (Denadai et al. 2005).
It is likely that 7. mactroides recruitment occurs in the subtidal/surf zone due to
lower mortality rates related to stronger desiccation and individuals migrate to the
intertidal after a growth period in the sublittoral (Denadai et al. 2005; Turra et al.
2014). The clam Anomalocardia flexuosa is one of the most conspicuous mollusks
along the whole Brazilian coast and has been studied in the Southern (e.g., Boehs
et al. 2008; Pezzuto et al. 2010), Southeastern (Mattos and Cardoso 2012; Corte
et al. 2014, 2015, 2017), and Northeastern coast (e.g., Barreira and Aradjo 2005;
Boehs et al. 2008; Rodrigues et al. 2013; Oliveira et al. 2019).

4.2.3 Crustacea

The high mobility and resistant exoskeleton of crustaceans allow them to cope with
the harsh swash climate of reflective beaches better than polychaetes and mollusks.
Therefore, crustaceans are common across all beach types but are especially domi-
nant in reflective ones. The exoskeleton also protects crustaceans against desicca-
tion, which enables crustaceans to be the dominant macrofaunal group in upper
zones of sandy beaches. Within Crustacea, the orders Amphipoda, Isopoda, and
Decapoda host the most well-known groups of Brazilian sandy beach biodiversity.

Most amphipods inhabiting sandy beaches belong to the family Talitridae — the
amphipod family most adapted to live in terrestrial environments (Serejo 2004).
These amphipods are herbivorous or omnivorous and typical of the intertidal and
upper zones of sandy beaches, where they are generally associated with wrack
(although they can migrate up and down the shore in search of food) (McLachlan
and Brown 2006). Talitrid amphipods exert a strong role in accelerating decompo-
sition processes on sandy beaches and are also important prey of birds and fish
(Veloso et al. 2008) (Fig. 4.6a). One particularly well-studied trait is their
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Fig. 4.6 Arthropoda Crustacea. (a) Amphipoda: Talitridae (photo: Alvaro Migotto); (b) Decapoda:
Callichirus major (photo: Cecilia Amaral); (¢) Albunea (photo: Alvaro Migotto); (d) Ocypode
quadrata (photo: Gabriel Monteiro); (e) Calilnectes danae (photo: Gabriel Monteiro); (f) Paguridae

orientation behavior (see the topic Adaptations of sandy beach macrofauna further
in this chapter), which allows them to return to the optimal beach zone from a dis-
tant point (Scapini 2006, 2014). On Brazilian sandy beaches, the genera
Atlantorchestoidea (Pseudorchestoidea), Talorchestia, and Platorchestia are the
most abundant. The species Atlantorchestoidea brasiliensis is one of the most
important species in macrofaunal assemblages of exposed sandy beaches in Brazil
(Cardoso and Veloso 1996, 2001), as well as one of the most studied. Ecological
investigations have focused on its population dynamics (Cardoso and Veloso 1996),
reproduction (Cardoso and Veloso 2001), behavior strategies (e.g., Cardoso 2002),
and influence of human disturbances (Veloso et al. 2008).

Similar to amphipods, isopods occur mostly in the upper zones of sandy beaches;
however, they are also abundant in the midlittoral and sublittoral (McLachlan and



4 Benthic Invertebrate Macrofauna 103

Brown 2006). Isopods are among the most abundant species of sandy beach macro-
fauna, generally characterized as scavengers, and have an important role in the
energy flow of the beach ecosystem as they consume large amounts of organic mat-
ter and are consumed by top predators such as fish and birds (Petracco et al. 2010).
The family Cirolanidae is the most conspicuous isopod taxon on sandy beach shores
and includes the genus Excirolana, the most ubiquitous taxon on sandy beaches of
the Americas (McLachlan and Brown 2006; Petracco et al. 2010). This genus is
ovoviviparous and has no larval dispersal, recruiting directly to the benthos as juve-
niles. Two Excirolana species are very common in Brazil: Excirolana armata and
E. braziliensis. The former is abundant on beaches of dissipative and intermediate
morphodynamic states, while the second occurs in a wider range of morphody-
namic beach states (Petracco et al. 2010). Studies have indicated that both species
show latitudinal patterns, increasing in individual size and growth rates toward sub-
tropical and temperate beaches, following an inverse relationship with mean water
temperature (Cardoso and Defeo 2003, 2004; Petracco et al. 2010).

Decapods can be very abundant in the intertidal and subtidal zones of sandy
beaches. A few species, such as the ghost shrimps Callichirus major and Sergio
mirim (family Callianassidae) (Fig. 4.6b), present low-mobility. Callichirus major,
popularly known as “corrupto” in Brazil, is a cryptic, solitary shrimp that inhabits
deep burrows on sandy beaches, generally in the lower midlittoral or below mean
water level of sheltered shores and dissipative beaches (Rodrigues and Shimizu
1997). This species is widely used as bait for artisanal fisheries along the Brazilian
coast and has been studied in the Northeast (e.g., Botter-Carvalho et al. 2007),
Southeast (e.g., Laurino et al. 2020a), and South (e.g., Souza et al. 1998). Similarly,
Sergio mirim lives in shallow sublittoral zones of more sheltered shores and dissipa-
tive beaches and is found from the southern part of the state of Bahia (northeastern
Brazilian) to the north of Argentina. The Pinnotherid crab Pinnixa patagoniensis is
typically found associated with S. mirim burrows (Alves and Pezzuto 1998).

Most Brazilian decapods, however, are highly motile. Hermit crabs, mainly
belonging to the genus Clibanarius, Isocheles (family Diogenidae), and Pagurus
(family Paguridae), may be commonly found in the lower intertidal and subtidal
zones of dissipative and tide-dominated Brazilian beaches and have been studied by
Turra and Leite (1999), Sant’ Anna et al. (2012a, b), Souza et al. (2015), Gorman
etal. (2016), Turra et al. (2019), and Danin et al. (2020). Decapods may also be very
abundant in the intertidal and subtidal zones of more turbulent beaches, such as spe-
cies belonging to the genera Albunea (Fig. 4.6¢), Lepidopa, Hippa, and Emerita, all
present in considerable numbers on Brazilian sandy shores. The mole crab Emerita
brasiliensis, popularly known as tatuf or tatuira, inhabits the midlittoral zone of
reflective and dissipative beaches of southeastern and southern regions of Brazil,
where it usually attains high biomass and production (Petracco et al. 2017). Given
its high ecological importance in bioturbation and as a consumer, several studies
have investigated the ecology of E. brasiliensis in Brazil (e.g., Defeo and Cardoso
2004; Celentano and Defeo 2006; Celentano et al. 2010; Petracco et al. 2003, 2017).

Probably the most conspicuous decapods on Brazilian shores are crabs of the
family Ocypodidae. Along the Brazilian coast (and also worldwide), ocypodid crabs
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occupy burrows in the upper zones of the shore. Ocypode crabs can act as scaven-
gers or predators and defend their burrows with agonistic displays. They usually
respond predictably to human impacts (Chap. 9), mainly by reduced burrow abun-
dances and size, and have been suggested as useful bioindicators of anthropic
impacts (Costa and Zalmon 2019a; Costa et al. 2019). The most common species is
Ocypode quadrata (Fig. 4.6d), popularly known in Brazil as “Maria-farinha” or
“Caranguejo fantasma,” which has been the focus of many ecological investigations
such as Turra et al. (2005), Pombo and Turra (2013, 2017, 2019), Pombo et al.
(2017a, b), Campagnoli et al. (2018), Costa and Zalmon (2019a, b), Costa et al.
(2019, 2021, 2022), Barboza et al. (2021), Souza et al. (2021), and Arueira et al.
(2022). Other common brachyuran on Brazilian sandy beaches are blue crabs of the
genera Callinectes (Fig. 4.5¢) and the speckled swimming crab Arenaeus cribarius,
scavengers that inhabit the subtidal zones of dissipative/sheltered sandy beaches.

4.2.4 Insecta

Several insect species are common inhabitants of sandy beach environments, while
others are eventual sandy beach foragers. Among the insect fauna eventually found
on sandy beaches, beetles and ants are the most common representatives. Their
presence is strongly linked to vegetation in the dune area and the occurrence of
stranded organic matter that can be used as a food resource (McLachlan and
Brown 2006).

Regarding insects that truly inhabit sandy beaches, the order Coleoptera is likely
the most important group (Corte et al. 2022). Sandy beach coleopterans have been
recognized as important indicators of human impacts on sandy beach ecosystems,
and the most abundant families on Brazilian shores are Tenebrionidae, Staphylinidae
(rove beetles), and Cicindelinae (tiger beetles). In Southeast Brazil, Veloso et al.
(2006) showed that the density of the tenebrionid Phaleria testacea is lower at
urbanized beaches when compared to protected ones. Similarly, Costa and Zalmon
(2019a, b) found that the abundance of the tiger beetle Cylindera nivea was nega-
tively related to the urbanization level, and no individuals were found on high-
impacted beaches. Also, the rove beetles of the genus Bledius (Fig. 4.7a, b) are used
as indicator organisms by the Brazilian monitoring network of coastal benthic habi-
tats (ReBentos — http://www.rebentos.org/). Four Bledius species have been regis-
tered along the Brazilian coast: B. bonariensis, B.caribbeanus, B. fernandezi, and
B. hermani. Gandara-Martins et al. (2010) analyzed the relationship between sandy
beach characteristics and the occurrence of three Bledius species on 12 sandy
beaches of Parand state. They B. hermani was the dominant species and most abun-
dant and frequent on beaches with coarse sand and more reflective to intermediate
morphodynamic. On the other hand, B. bonariensis had higher densities at more
dissipative beaches. Furthermore, the highest densities of Bledius were recorded on
beaches located in a national park, suggesting that the group is affected by human
interference.
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Fig. 4.7 Arthropoda Insecta. (a) Coleoptera: Bledius sp.; (b) Bledius sp., races left on the surface
of the sediment. (Photos: Edilson Caron)

4.2.5 Echinodermata

Echinoderms are most commonly associated with rocky shores and are not the most
typical group of sandy beach biodiversity; yet, they can be very abundant in the
sublittoral zone of dissipative shond. Leodia sexiesperforata are commonly found
along the Brazilian coast from the Northeast to the South (Tavares and Borzone
2006). Echinoderms are likely the least-studied major macrofaunal group on
Brazilian beaches; however, some studies have been performed. Tavares and
Borzone (2006) investigated the reproductive cycle of Mellita quinquiesperforata in
an intermediate-dissipative and a reflective beach in South Brazil. The authors
found that both populations exhibited a main reproductive period during spring/
summer, but the spawning period was shorter in the former environment. Besides
echinoids, asteroids (e.g., Luidia senegalensis; Astropecten marginatus) (Fig. 4.8b,
¢), holothurians (e.g., Protankyra benedeni) (Fig. 4.8d), and ophiuroids (e.g.,
Hemipholis cordifera and Microphiopholis atra) (Fig. 4.8e, f) can also be found in
significant numbers in Brazilian sandy beaches (Alitto et al. 2018).
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Fig. 4.8 Echinodermata. (a) Echinoidea: Mellita quinquiesperforata (photo: Alvaro Migotto); (b)
Asteroidea: Luidia senegalensis (photo: Alvaro Migotto); (¢) Astropecten marginatus (photo:
Alvaro Migotto); (d) Holothuroidea: Protankyra benedeni (photo: Jéssica Prata); (e) Ophiroidea:
Hemipholis cordifera (photo: Alvaro Migotto); (f) Microphiopholis atra (photo: Renata Alitto)

4.3 Adaptations of Sandy Beach Macrofauna

Sandy beach species need to respond quickly to the environmental changes con-
stantly observed on sandy beaches such as the instability of the sediment, action of
waves, and constant variation of the tides. Therefore, they display behavioral, mor-
phological, and physiological adaptations that enable them to cope with such a
dynamic environment.
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4.3.1 Locomotion

Due to the intense dynamics observed in sandy beaches and the soft-bottom nature
of the sedimentary bed, sessile animals are rare in this ecosystem. Thus, various
forms of locomotion, such as surfing, crawling, jumping, and running are recorded
in sandy beach macrofauna (Corte et al. 2021). The form and intensity of locomo-
tion vary among groups and may also be influenced by environmental characteris-
tics (Laurino et al. 2020b; Checon et al. 2021b). While most forms of locomotion
demand high energy consumption, surfing is a means of transport with little energy
expenditure and is usually associated with tidal migrations (up and down the inter-
tidal region) or movement of the waves. In this form of transport, the animal moves
with the help of the winds or water using part of its body as a sail. This form of
locomotion is common mainly in mollusks, such as bivalves of the genus Donax
and gastropods of the genus Bulla, which can extend their feet and siphons to cap-
ture the energy of the waves and winds (McLachlan and Brown 2006).

4.3.2 Excavation

Being able to bury quickly can be considered a matter of life and death for the
inhabitants of sandy beaches. By burying themselves in the sand, they avoid their
displacement by the action of waves, minimize water loss and desiccation, and also
escape from predators. Excavation is such a fundamental activity among macrofau-
nal organisms that different adaptations have appeared.

Many mollusks and crustaceans have smooth bodies without ornamentation,
which reduces resistance and facilitates penetration into the sediment. Bivalves, like
representatives of the genera Donax and Tellina, have a wedge-shaped shell, which
facilitates the downward penetration into the sediment. Polychaetes, in turn, exca-
vate the sediment using the proboscis (eversible part of the pharynx) and parapodia
(lateral projections of the body) as anchoring and excavation structures (Jumars
et al. 2015).

Despite having rigid bodies due to their protective exoskeletons, crustaceans can
excavate more quickly than most soft-bodied organisms and are probably the most
diverse group in terms of excavation. Members of the Hippidae family such as the
species Emerita brasiliensis perform the excavation “backward,” using the last pair
of legs to throw sand forward; individuals from the Talitridae family begin the exca-
vation using their head; while Ocypode crabs perform lateral excavation by moving
sand with their legs (Fig. 4.5d).

The sand dollar Mellita quinquiesperforata excavates and crawls by the sequen-
tial action of the spines (i.e., metachronal waves). This species has drainage chan-
nels that lead from the central region of the disc into the lunules and ambital notches,
helping to relieve the excess water pressure on the oral surface and maintain its
stability in strong currents (Fig. 4.9a—f).
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Fig. 4.9 Echinodermata. (a—f) Echinoidea: Mellita quinquiesperforata, excavation. (Photos:
Alvaro Migotto)

4.3.3 Rhythmic Behavior

In general, rhythms can be defined as periodic changes in the behavior of species
and are controlled by endogenous and environmental factors. The cyclical environ-
mental changes that occur on sandy beaches (wave, tidal, lunar cycles, deposition
and erosion of sediments, etc.) demand certain rhythmic behavior from organisms
inhabiting these environments to perform their fundamental activities (e.g., forag-
ing, reproduction, migration) always under adequate conditions.

Several species of macrofauna that can be easily found on the Brazilian coast,
such as the crustaceans Excirolana armata, Emerita brasiliensis, and Ocypode
quadrata, and the bivalve Donax hanleyanus, show rhythmic behavior following
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the rise and fall of the tide (Pombo et al. 2017b; Laurino et al. 2020b). Pombo et al.
(2017a) showed that even species that inhabit the upper regions of the beach, such
as the ghost crab Ocypode quadrata, may be significantly affected by tidal variations.

To start their activities, sandy beach macrobenthos mainly uses environmental
clues, such as mechanical disturbance in the sediment, water content in the sedi-
ment, and low-frequency sounds (which are used as evidence of waves and swash)
(McLachlan and Brown 2006). However, they may also rely on endogenous stimuli,
especially in crustaceans which seem to have an internal clock that helps control
these activities (Jelassi et al. 2015).

4.3.4 Orientation

As discussed in the previous topic, rhythmic activities are fundamental for many
marine organisms and are triggered by environmental and endogenous elements.
Several organisms rise to the surface and migrate to other regions of the beach
according to the stimulus received; however, it is important not only to know when
to start moving but also where to go.

Environmental stimuli can be divided into non-directional and directional
(McLachlan and Brown 2006). Non-directional clues act as a trigger for the start of
the activity, such as the higher water content in the sediment or the low-frequency
sounds resulting from the action of the waves. Directional stimuli, in turn, are ori-
entation cues that indicate where the animals should go. Examples of these stimuli
are light exposure and intensity, the slope of the beach face, and water currents.
Their effectiveness as orientation clues has been proven for many sandy beach crus-
tacean species, especially sand-hoppers and beach-hoppers (Amphipoda, Talitridae)
(Scapini et al. 2019). Bessa et al. (2017) performed field orientation experiments in
Southeast Brazil using the talitrid Atlantorchestoidea brasiliensis and found that
they use landscape cues and sun compass (i.e., solar orientation) to orient seaward.
Moreover, they also found that the precision of orientation is highest in beaches
without human access.

4.3.5 Feeding, Breathing, and Reproduction

The available resources on sandy beaches constantly change with environmental
conditions, which results in the dominance of opportunistic species (which feed on
a large variety of resources) and a small number of specialist species. Due to the
lack of plants in the intertidal and subtidal zones, most of the beach fauna is formed
by suspension feeders (that feed on resources available in the water column) and
deposit feeders (that feed on debris and particulate organic matter deposited in the
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substrate). Some species, such as polychaetes of the genus Scolelepis, can change
between suspension- and deposit-feeding modes depending on environmental con-
ditions. In general, carnivorous species also vary their behavior between predator
and scavenger according to food availability.

As sandy beach ecosystems lie at the interface between the land and the sea, spe-
cies may obtain oxygen from the air or the water. Species around and above the drift
line are usually terrestrial and air-breathing forms. On the other hand, species inhab-
iting the submerged zones of sandy beaches are marines and obtain dissolved oxy-
gen from the water. Organisms inhabiting the intertidal zone are usually marines,
but they are constantly exposed to both air and water. Consequently, they face regu-
lar periods of low-oxygen availability. To cope with these harsher conditions, some
species, such as the crustacean Emerita spp., decrease their activities during low-
oxygen periods, while other species, such as the polychaete Arenicola, have extra-
cellular hemoglobin that can transport about 40 times more oxygen than human
hemoglobin. Interestingly, Arenicola’s hemoglobin is compatible with all human
blood types, and researchers have been investigating its use for human health (Zal
and Rousselot 2014).

In addition to oxygen availability, variations in temperature and salinity can be
major obstacles for inhabitants of sandy beaches. Changes in the salinity of the
interstitial water may affect the behavior of sandy beach species, including their
excavation capability (Laurino et al. 2020b). For this reason, many sandy beach
organisms show greater tolerances than the range of values commonly found in their
habitats. Examples of euryhaline (i.e., tolerant to salinity variations) and euryther-
mal (i.e., tolerant to thermal variations) species commonly found throughout the
Brazilian coast are the bivalve Anomalocardia flexuosa and the polychaete
Laeonereis culveri.

Sandy beach macrobenthos also show high reproductive variability in response
to variations in environmental factors. Defeo and Cardoso (2002, 2004), for exam-
ple, showed that the mole crab Emerita brasiliensis may shift from continuous to
seasonal reproductive and recruitment events from subtropical to temperate beaches.
Similarly, Corte et al. (2014) and Corte (2015) found that the reproductive cycle of
the clam Anomalocardia flexuosa may differ on beaches with different morphody-
namics and food availability. The availability of hard substrates may also strongly
influence the reproduction of benthic species. Egg-laying sandy beach species, for
example, may travel long distances to find a suitable place for oviposition or even
defer their reproduction in the absence of suitable substrate. An alternative to over-
come these difficulties is to attach their egg capsules to living organisms such as
algae, bivalves, or gastropods. In Southeast Brazil, Corte et al. (2018) showed that
the gastropod Olivella minuta may attach up to 55 egg capsules to the shell of living
Tivela mactroids individuals.
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4.4 Spatial Patterns of Sandy Beach Macrofauna

The number of species and individuals of sandy beach macrofaunal communities is
characteristically heterogeneous in space, and variations in the spatial patterns of
beach macrofauna are observed at different scales, from different latitudes to a few
centimeters within the same beach. Understanding these variations is a fundamental
step to predicting how environmental changes will affect sandy beach biodiversity
and developing efficient conservation and management plans.

4.4.1 Macroscale Patterns

Macroscale variations in the distribution of sandy beach macrofauna are mainly
determined by the environmental (morphodynamics) characteristics observed in
different types of beaches and latitudinal differences (Defeo and McLachlan 2005).

One of the main paradigms in sandy beach ecology is that species richness, abun-
dance, and biomass of macrofauna increase from reflective to dissipative beaches
(McLachlan and Brown 2006; Amaral et al. 2016; Corte et al. 2022). This pattern is
a result of the benign environmental characteristics observed in dissipative beaches,
such as smaller sediment size, lower beach slope, and reduced wave action, which
allow the occurrence of soft-bodied species and/or slow burrowers (Defeo and
McLachlan 2005). These environmental features also allow species commonly
found in the sublittoral to be recorded in the lower intertidal zone of dissipative
beaches. As a consequence, vast populations and a large diversity of species may be
found on dissipative beaches (Checon et al. 2018b; Corte et al. 2022). On the other
hand, only terrestrial or highly mobile species, adapted to vigorous swash, can
establish populations on reflective beaches. As a result, in extreme cases, less than
one individual of macrofauna is found per square meter on reflective beaches, while
this value can reach thousands of individuals at dissipative/sheltered beaches
(McLachlan and Brown 2006).

Many studies have compared macrofaunal assemblages between sandy beaches
of different morphodynamic states in Brazil (e.g., Nucci et al. 2001; Turra et al.
2003; Denadai et al. 2005). In Southeast Brazil, Checon et al. (2018b) investigated
the macrofauna of several beaches and found that dissipative beaches had higher
species richness than reflective beaches. Differences in assemblages were mainly
related to sediment type, beach slope, and beach width, confirming the influence of
morphodynamic features on sandy beach macrofauna. The authors also found that
beaches closely located had more similar biodiversity than beaches far from each
other, demonstrating the importance of spatial variables in structuring sandy beach
macrofauna.

Morphodynamic features can also strongly influence the population attributes of
sandy beach macrofauna (Chap. 6). Petracco et al. (2017) assessed the morphody-
namic effects on production and turnover rate (P/B ratio) of the mole crab Emerita
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brasiliensis and found that production and P/B ratio increased toward intermediate/
dissipative conditions due to higher growth rate and higher frequency of recruits.
The morphodynamic influence on sandy beach populations, however, seems to vary
between species. Corte et al. (2017) compared studies investigating population attri-
butes of the clam Anomalocardia flexuosa and found that populations from areas
with low hydrodynamic conditions (i.e., tidal flats and dissipative beaches) showed
lower abundance, growth, recruitment, and turnover rate when compared to popula-
tions inhabiting intermediate beaches.

In addition to the type of beach, latitudinal differences also influence the mac-
roscale variations of sandy beach macrofaunal communities. It is hypothesized that,
as observed in terrestrial ecosystems, sandy beach communities become more
diverse toward the tropics, mainly due to a larger group of species existing in tropi-
cal regions (Soares 2003). Yet, an inverse pattern is observed concerning the bio-
mass of individuals: the closer to the equator, the smaller the size of individuals,
mainly due to the lower primary productivity found in tropical regions (Defeo and
McLachlan 2005). In a comprehensive study examining macrofaunal communities
from 263 beaches on the Atlantic and Pacific coasts of South America, Defeo et al.
(2017) found that macrofaunal richness decreased from tropical to temperate
beaches in the Pacific and followed a parabolic trend in the Atlantic, with the high-
est biodiversity found at tropical and mid latitudinal bands. Latitudinal trends were
mostly explained by differences in beach slope, tidal range, and chlorophyll a.

Latitudinal patterns have also been reported for sandy beach populations.
Cardoso and Defeo (2004), for example, analyzed 11 populations of the isopod
Excirolana braziliensis distributed from tropical (9°N) to temperate (39°S) sandy
beaches in Atlantic and Pacific Oceans. The authors found strong latitudinal pat-
terns, with breeding and recruitment patterns shifting from continuous on tropical
beaches to seasonal on temperate beaches. Also, females became sexually mature at
smaller sizes and had lower individual fecundity on tropical beaches. Results were
consistent on both Atlantic and Pacific coasts of South America, thereby reinforcing
the influence of latitude.

4.4.2 Mesoscale Patterns

Mesoscale patterns refer to variations that occur within the same beach. The pat-
terns of distribution of macrofauna in this scale are predominantly influenced by the
exposure/submersion gradient that is evident with tidal fluctuations. During periods
of low tide, areas with different environmental characteristics (especially the con-
tent of water retained in the sediment) can be defined from the low tide water line to
the supralittoral. These environmental differences establish a distribution pattern
known as zonation, with species with different tolerances inhabiting different areas.

According to McLachlan and Jaramillo (1995), beaches can present four zona-
tion patterns: (1) without apparent zonation (there is no significant difference
between the upper and lower regions of the beach at low tide); (2) with two zones,
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one where the animals that remove oxygen from the air are located and another
inhabited by animals that remove oxygen from the water (Brown’s Zones); (3) three
zones (sub-terrestrial fringe, midlittoral fringe, and sublittoral fringe), based on the
distribution of crustaceans proposed by Dahl (1952); and (4) four zones (dry, reten-
tion, resurgence, and saturation), according to the amount of water retained in the
sediment during low tide (Salvat 1964). Although they have different numbers of
divisions, the division schemes of Dahl and Salvat are quite similar (Fig. 4.10), and
sandy beach researchers usually recognize the existence of three zones: supralitto-
ral, midlittoral (intertidal), and sublittoral. It is important to highlight that, despite
being characterized as separated units, these zones form the core of the “littoral
active zone” (LAZ), a land-sea interface environment characterized by the inter-
change of material between the sea and the land through wind- and wave-driven
transport.

The supralittoral zone corresponds to the upper zones of Dahl and Salvat and is
the most terrestrial area of the beach environment (strongly associated with the
backshore). In this area, there is a high thermal variation, which increases the risk
of desiccation for macrofaunal species. Additionally, due to the limited time in
which this zone is submerged (only during exceptionally high tides), food resources
from the marine environment are scarce, and species need to have high mobility to
search for resources. Because of these characteristics, animals with high resistance
to water loss and mobility, such as crustaceans (e.g., Ocypode spp. and Talitrids),
and insects (e.g., the coleopterans Phaleria spp. and Bledius spp.) are the most com-
mon in this zone (Fig. 4.11).

The midlittoral (intertidal) is equivalent to the middle zone of Dahl and the zones
of retention and resurgence of Salvat. It is characterized by an intermediate submer-
sion time, which gives this region less thermal stress when compared to the
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H 4 ZONES

Fig. 4.10 Schemes of macrofauna zonation on sandy beaches. Water table corresponds to the
upper level of an underground surface in which the soil or rocks are permanently saturated with
water. HT: high tide line; LT: low tide line. (Modified from McLachlan and Brown (2006). Licensed
by Elsevier and Copyright Clearance Center)
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Fig. 4.11 Common macrofaunal species on Brazilian beaches and their zone of occurrence

supralittoral. However, the movement of water is more intense, which results in
greater mechanical stress. The typical species of this zone have high mobility and/
or are well adapted to the changing environmental conditions such as the crusta-
ceans Excirolana (Isopoda) and Emerita (Hippidae), the gastropods Hastula cine-
rea and Olivela minuta, the bivalve Donax spp., and the polychaete Scolelepis sp.
(Spionidae) (Fig. 4.11).

The sublittoral corresponds to the lower zone in the Dahl scheme and the Salvat
saturation zone. It remains completely submerged most of the time (only its upper
part may be exposed during extremely low tides) and is the zone with less thermal
variation. However, it may be the zone with higher mechanical stress because of the
constant wave action (surf zone). In reflective beaches, the strong wave energy pre-
cludes most of the macrofaunal species from inhabiting the sublittoral zone. On the
other hand, this zone is where we can find the greatest diversity of species on dis-
sipative and intermediate beaches (Corte et al. 2022).

A few investigations have focused on the zonation patterns of Brazilian sandy
beach macrofauna. In South Brazil, Neves et al. (2007) registered a three-zone pat-
tern in Cassino beach. The supralittoral zone was dominated by the ghost crab
Ocypode quadrata; the midlittoral was characterized by the polychaeta
Thoracophelia (Euzonus) furciferus and the isopod Excirolana armata; and the final
zone, formed by the lower midlittoral and inner surf zone (sublittoral fringe as pro-
posed by Dahl), was characterized by the amphipod Phoxocephalopsis sp. and the
clams Donax hanleyanus and Mesodesma mactroides. In Southeast Brazil, Veloso
et al. (2003) restricted their sampling to the midlittoral and recognized two main
zones in the 15 sandy beaches studied. The lower zone was characterized by the
mole crab Emerita braziliensis, the surf clam Donax hanleyanus, and the poly-
chaetes Scolelepis squamata and Hemipodia californiensis, while the upper zone
was characterized by the isopopd Excirolana braziliensis, the amphipod
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Atlantorchestoidea brasiliensis and the coleopteran Phaleria testacea (Fig. 4.11). In
a comprehensive study performed on 90 beach sites in Southeast Brazil, Corte et al.
(2022) found that the shallow sublittoral and surf zones harbor the largest number
of species and biomass among all sandy beach zones.

The zonation pattern, however, is not fixed and may be influenced by morphody-
namic features. Alves and Pezzuto (2009) investigated the zonation pattern of ben-
thic macrofauna of three sandy beaches with different morphodynamic characteristics
in South Brazil, one dissipative, one intermediate, and one reflective, and found that
macrobenthic zonation presented marked differences across the morphodynamic
spectrum, with a higher number of species in lower zones of the dissipative beach.
Additionally, they observed expansion in size and an increase in the overlapping of
zones from reflective to dissipative conditions. These differences were mainly
related to distinctive across-shore gradients in sediment moisture levels, sediment
instability, and mean grain size throughout the morphodynamic spectrum.

4.4.3 Microscale Patterns

Microscale patterns correspond to variations from millimeters to meters. They are
generally a result of environmental variations occurring in very small spatial scales
(e.g., freshwater supply and water content in the sediment) and biotic interactions
(Chap. 7). As observed worldwide, the number of ecological investigations at this
spatial scale on Brazilian shores is much lower when compared to studies on macro
and mesotidal scales; however, a few studies can be found. On the North coast of
Sao Paulo, Southeast Brazil, Camargo (2009) showed that the abundance of gastro-
pod Olivella minuta follows the ripple marks on the sediment (centimeter scale),
with a higher number of individuals at sites with higher water content. By using
field experiments, Laurino et al. (2020b) investigated the influence of freshwater on
the vertical displacement of intertidal macrofauna and found that the isopod
Excironala armata remains closer to the surface during freshwater floods. Also,
Laurino and Turra (2021) assessed the macrofaunal spatial changes across few-
meters gradients of freshwater influence and found that salinity reductions decreased
the overall macrobenthic abundance and richness. This effect was higher for poly-
chaetes, which had 85% fewer individuals near freshwater sources. Conversely,
salinity reductions did not affect crustacea abundance across the gradient.

4.5 Ecological and Economic Importance

Sandy beach macrofauna plays an important role in coastal ecosystem functioning.
They participate in both marine and terrestrial food chains and are important prey
items for birds, fishes, and other invertebrates. Besides the trophic importance of
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macrofauna as basal food web organisms and primary consumers, many other spe-
cies are important food resources for coastal species and also human populations.

Marine invertebrate fisheries on sandy shores have critical socioeconomic impor-
tance, especially in developing countries like Brazil (Defeo 2003). Sandy beach
macrofaunal species have long been harvested by human populations, being the
target of artisanal, recreational, or commercial fisheries' (Defeo 2003; McLachlan
and Brown 2006). On Brazilian shores, clams and crabs are the groups most
exploited by human populations. The venerid clams Anomalocardia flexuosa and
Tivella mactroids, for example, are important fishery resources collected along the
Brazilian coast (Corte et al. 2015, 2017; Amaral et al. 2016). Pezzuto and Silva
(2015) investigated the exploitation of this species in the Pirajubaé Marine Extractive
Reserve (State of Santa Catarina) and found that each fisherman may collect more
than 270 kg of live clams per day, adding up to almost 900 tons in 1 year. Denadai
et al. (2015a) reported intense harvesting of 7. mactroids on the North Coast of the
state of Sao Paulo, where it is gathered by both residents and tourists. Other species,
such as the blue crab Callinectes spp. and the tanaidacean Callichirus major, also
have economic relevance and are used as a food resource or bait. It is important to
note, however, that most coastal fisheries along Brazilian coast are not supported by
management or regulations based on solid scientific knowledge and most stocks are
already overexploited and only support small-scale artisanal fisheries (Corte
et al. 2015).

The cycling of nutrients is also an important function performed by sandy beach
macrofauna. Given their strong association with the sediment, with many species
living in burrows or inside the sediment, sandy beach macrofauna drives important
processes such as sediment reworking, bio-irrigation, and organic matter decompo-
sition, thereby modulating nutrient exchange through the sediment-water interface
(Defeo et al. 2009). In Brazil, Pennafirme et al. (2019, 2020) assessed bioturbation
by the polychaete Laeonereis acuta and found that it elevated bacterial metabolic
activity and increased the carbohydrate consumption rate by the bacterial consortium.

Finally, macrobenthos is usually regarded as effective indicators for ecosystem
health assessment and monitoring of human-induced impacts because of their wide-
spread distribution, high biomass, and specific ecological requirements (Borja et al.
2016). Several species such as the ghost crab Ocypode quadrata, the tiger beetle
Cylindera nivea, and the polychaete Scolelepis squamata (Amaral et al. 2015)
respond to anthropogenic disturbances and have been used in impact assessments
along the Brazilian coast (Costa et al. 2019) (Chap. 9).

' As defined by McLachlan and Brown (2006) a recreational fishery is the collection of the fishery
resource for bait or food without sale or dependence on the resource. Artisanal fisheries are per-
formed by individuals or small groups using traditional methods with focus on subsistence or sale.
Finally, a commercial fishery is performed by corporate or collective organizations and focuses
only on the sale of the resource.
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4.6 Brazilian Sandy Beach Macrofauna: Current Knowledge
and Scientific Gaps

A comprehensive review of the knowledge about Brazilian sandy beach macrofauna
was performed by Amaral et al. (2016), which found a total of 126 studies on the
ecology of sandy beach macrofauna published between 1976 and 2014. Although
the investigation of Brazilian sandy beach macrofauna began in the 1970s, it was
only in the late 1990s that the number of studies increased (Amaral et al. 2016).
Ever since, studies on Brazilian sandy beach macrofauna have been published every
year in international scientific journals, with higher production after 2000 (Fig. 4.12).
The vast majority of studies (96%) focused on describing population and commu-
nity patterns, as well as explaining their relation with environmental characteristics,
particularly sediment type, salinity, and waves (Amaral et al. 2016). The species
Emerita brasiliensis, Excirolana brasiliensis, Atlantorchestoidea brasiliensis, and
Ocypode quadrata were the most studied crustaceans. Regarding mollusks, the
most examined species are the bivalves Anomalocardia brasliana, Tivela mactroi-
des, and Donax hanleyanus, as well as the gastropod Olivella minuta. Species
belonging to the genus Scolelepis and Laeonereis were the most investigated within
Polychaeta.

Despite the increased number of studies over the last decades, the amount of
research conducted in each region of Brazil is quite unbalanced. While approxi-
mately 60% of the studies were conducted in the southeastern region, only 2% were
done in the northern region (Northeast: 12%; South: 25%) (Amaral et al. 2016). The
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Fig. 4.12 Number of studies carried out on Brazilian sandy beach macrofauna. Only studies listed
on the IST Web of Science® were considered. Keywords: Brazil* AND beach* AND (macrofauna
OR macrobenthos)
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great heterogeneity of Brazilian sandy beaches (Chap. 1) and the limited knowledge
about their biodiversity highlight the urgent need for further studies on a larger spa-
tial scale to gain a better understanding of the Brazilian sandy beach biodiversity
and the processes driving these ecosystems. This situation is perhaps most dire for
the North region of Brazil. This area has unique environmental features such as a
macrotidal regimen and strong influence of the rivers of the Amazon floodplain,
however, to our knowledge, only Rosa Filho et al. (2009, 2011), Souza et al. (2021),
and Santos et al. (2022) investigated the macrobenthic diversity of local sandy shores.

Another concern about sandy beach studies in Brazil relies on their duration, as
only 5% have lasted more than 2 years. It is necessary to apply long-term studies to
obtain consistent data to unveil the population dynamics of sandy beach species and
serve as a baseline for predictive modeling of the responses of macrofaunal com-
munities under different scenarios of global and regional changes (Amaral et al.
2016, http://www.rebentos.org). The understanding of responses of sandy beach
macrofauna to environmental changes would also benefit from field and laboratory
experiments, an approach that has proved to contribute significantly to a better
understanding of these phenomena and their consequences (e.g., Laurino et al. ,
2020b). It is also important to investigate the population biology of a larger number
of species, given that most population studies examined a relatively small set of spe-
cies (Chap. 6).

A relevant challenge that needs to be overcome in sandy beach research, includ-
ing the research conducted in Brazil, is the necessity of performing ecological
investigations that consider the sandy beach ecosystem as a whole. Most studies on
the ecology of sandy beach, macrobenthic fauna inclusive, were restricted to the
upper shore or intertidal zone, a fact that can result in fragmented information
(Corte et al. 2019b, 2022). In this regard, it is important to perform investigations
along the whole Littoral Active Zone, considering the supralitoral, the midlittoral,
and sublittoral, as well as to conduct multidisciplinary studies that focus on the
interdependence of adjacent ecosystems such as sandy beaches, dunes, rocky
shores, and mangroves. A well-developed initiative can be found in the project
Biota-Aracd, funded by the Sao Paulo Research Foundation (FAPESP), which pres-
ents the biodiversity of Aracd Bay, an area with 534.500 m? in Southeast Brazil
comprising four sandy beaches, mangroves, intertidal mudflats, and rocky reefs. By
investigating the ecological, geographical, historical, and socioeconomic character-
istics of the bay, the project demonstrated how the advancement of scientific knowl-
edge on biodiversity and its socioeconomic relevance is essential to the preservation
of these resources and to improve the legal instruments fundamental to reduce the
impact of human actions (Amaral et al. 2018).

4.7 Final Remarks

Brazilian sandy beach macrofauna plays a key role in supporting coastal ecosystems
and human populations. Nevertheless, our knowledge about this important compo-
nent of coastal biodiversity is sparse and insufficient to correctly understand its
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diversity and importance. This situation is further hindered by Brazilian historical
and socioeconomic characteristics that endanger all its natural ecosystems, includ-
ing sandy beaches. To gain a better understanding of Brazilian sandy beaches,
including macrofaunal biodiversity, systematic and long-term studies are required
on multiple scales. Only through this approach, we will be able to develop effective
management and conservation plans that successfully protect sandy beach ecosys-
tems in the long term and ensure their adequate functioning.
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Chapter 5 )
Vertebrate Biodiversity ST

Yasmina Shah Esmaeili, Bruna Pagliani, Robson Henrique de Carvalho,
and Leonardo Lopes Costa

5.1 Sandy Beach as a Habitat for Vertebrates

Sandy beaches comprise different habitats, from ever-immersed surf zones inhab-
ited primarily by marine species to the intertidal-supralittoral interface where
marine, semi-terrestrial, and terrestrial organisms coexist. This unique ecosystem
forms the gateway between land and sea and, therefore, has a great diversity of ver-
tebrates occupying a wide range of habitats in the sandy beach realm. Although
some species are considered residents, most vertebrates are transient species on
beaches, that is, do not spend their entire life in the ecosystem.

The use of sandy beach habitats by vertebrates is highly driven by physical fac-
tors; however, ecological interactions are also important determinants, particularly
food availability (Fig. 5.1) and predation risk (Dugan et al. 2003; Yasué 2006). The
surf zones of sandy beaches are the main areas of wave energy dissipation; this
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Fig. 5.1 The kelp gull (Larus dominicanus) feeding on a juvenile fish on a sandy beach on the
Northern coast of Sdo Paulo. (Photo: Bruna R. Debastiani)

turbulence contributes to the resuspension of sediment and infauna (i.e., organisms
that live within the sediment of the seafloor), providing food and shelter for fishes,
mainly juveniles (Olds et al. 2017), feeding grounds for birds and sharks (Costa
et al. 2017a; Bornatowski et al. 2012), and nursery grounds for most of these poten-
tial flagship species,! targeted in conservation initiatives (Zacharias and Roff 2001).

In this chapter, we present the main groups of vertebrates that utilize Brazilian
sandy beaches (fishes, birds, sea turtles, and cetaceans), as well as the main impacts
that threaten their occurrence. We also discuss some conservation and management
initiatives and the knowledge gaps that need to be fulfilled to better protect the ver-
tebrate biodiversity of Brazilian beaches.

5.2 Sandy Beach Biodiversity

5.2.1 Fishes

Based on an extensive literature review (n = 53), we found that on average, 57 fish
species are encountered in the Brazilian sandy beach surf zones, although some
studies have reported up to 89 species in a single beach (Soeth et al. 2014).
Carangidae are cited as one of the most abundant families (65% of the studies on the

' Charismatic species chosen to raise support and public awareness and contribute to biodiversity
conservation in a given place or social context.
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Brazilian coast), followed by Sciaenidae (38%), Mugilidae (34%), Atherinopsidae
(31%), Clupeidae (28%), Engraulidae, and Gerreidae (21% each). According to a
2-year study performed by Araujo et al. (2018), the southeastern region has a higher
number of species compared to the south and northeast, due to the higher primary
productivity associated with upwelling zones in this region.

Some of the most frequently registered species in sandy beach surf zone studies
in Brazil are the False hering (Harengula clupeola) (Fig. 5.2a), Brazilian silversides
(Atherinella brasiliensis) (Fig. 5.2b), Florida pompano (Trachinotus carolinus)
(Fig. 5.2c), Rio anchovy (Anchoa januaria), Atlantic sabretooth anchovy
(Lycengraulis grossidens), White mullet (Mugil curema), Brazilian sardine
(Sardinella brasiliensis), Silver mojarra (Eucinostomus argenteus) (Fig. 5.2d),
Piquitinga anchovy (Anchoa tricolor), and Sand drum (Umbrina coroides).

Fig. 5.2 Fish species commonly found in the surf zone of Brazilian sandy beaches: (a) False her-
ing (Harengula clupeola), (b) Brazilian silversides (Atherinella brasiliensis), (¢) Florida pompano
(Trachinotus carolinus), and (d) Silver mojarra (Eucinostomus argenteus), some of the most abun-
dant surf zone fish species of Brazilian sandy beaches, (e) Longnose stingray (Hypanus guttatus).
(Photos: Carolina Correia Siliprandi, source: Amaral et al. 2016), (f) Blacktip reefshark
(Carcharhinus melanopterus), recorded by surf-BRUVs of the North Coast of Sdo Paulo in a sandy
beach surf zone. (Photo: Yasmina Shah Esmaeili)



130 Y. Shah Esmaeili et al.

Although the surf zones of sandy beaches have several resident species, they are
also considered a nursery for the juvenile stages of several fish species that continue
their lifespan in other habitats. Species such as flounders, rays, and several shark
species (Fig. 5.2e, f) are known to reproduce and spawn in shallow-water environ-
ments such as sandy beaches (Yokota and Lessa 2006). Additionally, habitats such
as the intertidal and tidal pools are home to fish species such as gobiids. Although
often considered rare species, gobiid diversity in sandy beach environments may be
underestimated by conventional beach seine sampling because of their cryptic hab-
its (sand burrowing).

As surf zones constitute important feeding and nursery sites for fishes, food
availability, and physical or human disturbances are decisive factors for fish distri-
bution (Shah Esmaeili et al. 2022). Compared to low-hydrodynamic ecosystems,
such as coastal lagoons, mangroves, and estuaries, sandy beaches have a low diver-
sity of fish species and functional groups, theoretically attributed to the homogene-
ity of habitats and physical instability (Azevedo et al. 2017; Aradjo et al. 2018).
However, habitat complexity (e.g., the presence of banks of macroalgae and prox-
imity to rocky shores) constitutes a source of increased complexity that promotes an
increase in the richness and diversity of fish in the surf zone (Gaelzer and Zalmon
2008a; Andrades et al. 2014; Costa et al. 2017b; Olds et al. 2017).

Morphodynamic conditions play a crucial role in shaping fish communities of
sandy beaches, and dissipative beaches (Chap. 1) are home to more species com-
pared to intermediate and reflective beaches on the Brazilian coast (Félix et al.
2007; Oliveira and Pessanha 2014; Shah Esmaeili et al. 2022; Fig. 5.3), following

Dissipative beach

Reflective beach

Fig. 5.3 Tllustration of species comparison between dissipative and reflective beaches based on
the results of Félix et al. (2007) and Oliveira and Pessanha (2014)
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the global pattern (Lercari et al. 2010). Sheltered and moderately exposed beaches
show similar ichthyofaunal composition, being inhabited mainly by clupeids and
engraulids (Félix et al. 2007). Comparative studies showed that species such as
L. grossidens, R. bahiensis, A. brasiliensis, S. testudineus, and Hyporhamphus uni-
fasciatus occurred primarily in dissipative beaches (Oliveira and Pessanha 2014),
while exposed beaches had a higher occurrence of species such as 7. carolinus,
Trachinotus goodei, M. liza, and P. virginicus (Félix et al. 2007; Oliveira and
Pessanha 2014).

Only a few functional groups, such as benthic and zoobenthivorous species, were
most abundant at sites with intermediate wave exposure, as shown by Shah Esmaeili
etal. (2022), who surveyed fish communities at 77 sites along 150 km of Sdo Paulo’s
coastline, corroborating the intermediate disturbance hypothesis (Connell 1978;
Clark 1997).

Although salinity, turbidity, and wind speed influence fish communities, there is
a high variability of responses (both negative and positive) reported in the literature
(reviewed by Olds et al. 2018). Increasing turbidity, for example, can provide more
efficient protection of juvenile fishes from visual predators, but it can be correlated
with high physical harshness that in turn creates a less favorable habitat. Also,
microhabitat features (e.g., the presence of gutters, runnels, and sandbars) probably
interact with these environmental determinants to drive surf zone fish diversity, con-
tradicting the idea that surf zones are homogeneous habitats (Borland et al. 2017).
Additionally, seasonality can be a more decisive factor in structuring fish communi-
ties than spatial variations (Gondolo et al. 2011; Del Favero and Dias 2013, 2015;
Dantas et al. 2016a; Costa et al. 2017b), with the seasonal species turnover resulting
in higher fish diversity in warmer months (Costa et al. 2017b; Pereira et al. 2015).
Short-term variation, for example, nictemeral, is also responsible for changes in
species composition, as predators tend to approach shallow waters at night and dur-
ing rising tides (Gaelzer and Zalmon 2008a,b; Dantas et al. 2016b).

5.2.2 Birds

Seabirds (e.g., gulls and terns) and shorebirds (e.g., plovers and sanderlings) gener-
ally comprise the bulk of birds frequenting intertidal zones of sandy beaches
(Lunardi et al. 2012). Some shorebirds use upper beach zones (backshore) as nest-
ing areas during the breeding season, and others rely on invertebrates as important
feeding resources along the entire beach in both wintering and breeding sites. Sandy
beaches can be important feeding sites for both resident and migrant species, espe-
cially when preferential adjacent low-energy ecosystems (e.g., mudflats, coastal
lagoons, and mangroves) have suffered habitat degradation (Hubbard and
Dugan 2003).

A review conducted by Vooren and Brusque (1999) found that a total of 148 spe-
cies of sea and shorebirds have been registered on the Brazilian coast, making up
8.8% of all bird species recorded by Sick (1997) for Brazil. They are represented by
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Fig. 5.4 Percentages of families of Brazilian shore and seabirds found on sandy beaches based on
Vooren and Brusque (1999)

9 orders and 29 families. Of the total of 148 species, 81% belong to only three
orders (Fig. 5.4): 26% to Procellariiformes (albatrosses — Diomedeidae; petrels —
Procellariidae); 9% to Pelecaniformes (frigates — Fregatidae, boobies, and the like —
Sulidae (Fig. 5.5a)); 24% to the Charadriiformes — family Charadriidae (torches,
plovers, and the like); and 22% to Charadriiformes — family Laridae (seagulls —
Stercorariidae, terns and the like — Sternidae), representing a total of 28% of the
world species belonging to these three orders. Among the 87 Scolopacidae (sand-
pipers) species reported in the world, 26% occur in Brazil.

The coast of South America includes important wintering and stopover grounds
for more than 2.9 million migratory Nearctic shorebirds. Many spend over half of
their lives in these areas, including in Brazilian hotspots along one of the primary
migration routes, known as the Atlantic route, that goes along the entire coast of
Brazil from the state of Amapd to Rio Grande do Sul (ICMBio 2019). The migratory
birds concentrate in humid areas with high food availability such as in the North
along the coast of Amapad, the salt marches of Para, and the Reentrancias Maranhenses
State Protected Area in Maranh@o; in the Northeast, along the coast of Icapui (CE),
Galinhos and Areia Branca (RN), Coroa do Avido (PE), the Piagabucu State
Protected Area (AL), Mangue Seco, and Cacha-Prego (BA); in the South, at the
Lagoado Peixe National Park (RS) (ICMBio 2019).

Therefore, there is evidence of the high importance of Brazil concerning the
conservation of sea and shorebirds worldwide, including migrant species. An exam-
ple is the Magellanic Penguin, Spheniscus magellanicus. Although they do not
breed in Brazil, they are found along the Brazilian coast outside the breeding sea-
son, during the austral fall and winter (Baldassin et al. 2010).
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Fig. 5.5 Birds species that feed and nest on Brazilian sandy beaches: (a) Sula leucogaster forag-
ing in the sandy beach surf zone. (Photo: Danilo Rangel). (b) Eggs of Charadrius collaris in a nest
on a sandy beach. (Photo: Julyana Madureira). (¢) Charadrius semipalmatus feeding on intertidal
zone of sandy beach. (Photos: Bruna Debastiani). (d) Athene cunicularia on sandy beach back-
shore. (Photo: Julyana Madureira). (e) Passer domesticus feeding on the remains of a dead bird on
an urbanized sandy beach on the North coast of Sao Paulo. (Photo: Bruna Debastiani)

Six bird species nest on Brazilian sandy beaches: the four Charadriidae
Haematopus palliatus, Charadrius falklandicus, Charadrius collaris (Fig. 5.5b),
and Charadrius wilsonia, and the two Sternidae Gelochelidon nilotica and Phaetusa
simplex (Vooren and Brusque 1999). Charadriidae and Scolopacidae that nest in
North America constitute the most abundant migrant shorebirds present in the
coastal zone of Brazil. The blowtorches, plovers, and other similar birds, from the
Suborder Charadrii, occur mainly on oceanic beaches and/or estuaries, and contrib-
ute to 44% of the bird biodiversity of these habitats.

Along the Brazilian coast, the intertidal zone of beaches and mangroves are
important as feeding grounds for both migratory and resident Charadriidae in the
country (Mancini et al. 2017, 2018) (Fig. 5.5¢). Birds feed on the infaunal inverte-
brates of these habitats, and the abundance of organisms that constitute their food
usually has seasonal cycles. The peaks of the bird abundance align with the occur-
rence of their prey species (Lunardi et al. 2012) and the arrival of birds that overwin-
ter in subtropical regions is adjusted to match these food peaks.
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Several seagulls, terns, and species such as the Black skimmer (Rynchops niger)
feed in the coastal areas, and land on the beaches in flocks to rest and groom their
plumage (Escalante 1970; Vooren and Chiaradia 1990; Naves 1999). Seagulls are
particularly tolerant and coexist with humans on beaches, feeding opportunistically
on food scraps, or even ingesting litter (Yorio et al. 1998). However, other resident
(e.g., Ciconiiformes) or migrant birds (Charadriiformes) usually require pristine
beaches with an abundance of food to use this ecosystem as suitable habitat (Lunardi
et al. 2012; Costa et al. 2017a).

Sandy beaches are used mainly by the above-mentioned marine birds, but in
some cases, herons, terrestrial passerine species (e.g., Pitangus sulphuratus,
Machetornis rixosa), and birds of preys (e.g., caracarinis, owls, and vultures) rely
on opportunistic feeding opportunities in beach habitats (Fig. 5.5d, e).

Besides food availability, the presence of migratory shorebirds on sandy beaches
is directly or indirectly related to hydrodynamics due to various elements such as
the birds’ thermal homeostasis (inundation risk), foraging (grain size related to the
penetration of the beak on the sand), and perceived predation risk (beach slope
influences the perception of predators) (Lunardi et al. 2012; Yasué 2006).

5.2.3 Sea Turtles

Of all seven species of sea turtles, five feed and/or nest on Brazilian sandy beaches:
Caretta caretta, Chelonia mydas, Lepidochelys olivacea, Dermochelys coriacea,
and Eretmochelys imbricata (Marcolvaldi and Marcovaldi 1999). The presence of
these species in the feeding and nesting areas makes Brazilian coastal regions prior-
ity areas for the conservation of sea turtles worldwide (Wallace et al. 2011; Selig
et al. 2014).

The Loggerhead turtle (Caretta caretta) has a circumglobal distribution and is
highly migratory. In Brazil, the priority nesting areas are located in the north of the
state of Bahia and the states of Rio de Janeiro, Espirito Santo, and Sergipe (Santos
et al. 2011) (Fig. 5.6). Occurrences of individuals at different life stages are also
recorded on the coast of several states in Brazil between the states of Pard and Rio
Grande do Sul, both in coastal and oceanic waters (Santos et al. 2011).

Green turtles (Chelonia mydas) are distributed in tropical and subtropical regions
where they feed and breed. Among the species of sea turtles found in Brazil, the
green turtle is the only one that nesting on oceanic islands (De Padua Almeida et al.
2011) (Fig. 5.6). Their nesting season is from December to June (De Padua Almeida
et al. 2011; Bellini et al. 2013) (Fig. 5.7a, b).

The Olive Ridley turtle (L. olivacea) has a circumglobal distribution and is a
highly migratory species (Plotkin 2010). The priority nesting area in Brazil is
located between the southern coast of the state of Alagoas and the northern coast of
the state of Bahia with the highest density of nests in the state of Sergipe (De
Castilhos et al. 2011) (Fig. 5.6). Juveniles and adults occur in coastal and oceanic
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Fig. 5.6 Priority nesting sites of the five sea turtle species (Green turtle (Chelonia mydas), Olive
Ridley turtle (Lepidochelys olivacea), Hawksbill turtle (Eretmochelys imbricate), Leatherback
turtle (Dermochelys coriacea), and Loggerhead turtle (Caretta caretta)) on the Brazilian coast
(states: Rio Grande do Norte (RN), Sergipe (SE), Espirito Santo (ES), and Rio de Janeiro (RJ))

areas between the states of Pard and Rio Grande do Sul and in international waters
adjacent to Brazil’s exclusive economic zone (De Castilhos et al. 2011).

The Leatherback turtle (D. coriacea) is a cosmopolitan species, usually living in
the oceanic zone for most of its life. Its nesting area in Brazil is located on the north-
ern coast of the state of Espirito Santo (Thomé et al. 2007; Lépez-Mendilaharsu
et al. 2009; De Padua Almeida et al. 2011) (Fig. 5.6).

The Hawksbill turtle (E. imbricate) is found globally, although more common in
tropical waters. In Brazil, the priority breeding areas are located on the north coast
of the states of Bahia and Sergipe and on the south coast of the state of Rio Grande
do Norte (Fig. 5.6). The known feeding areas of this sea turtle are the oceanic islands
of Fernando de Noronha and Atol das Rocas in northeast Brazil, and the Abrolhos
archipelago (Marcovaldi et al. 2011).

Although all species of sea turtles are widely distributed along the Brazilian
coast, green turtles are the best known among fishermen, because they are com-
monly found near the coast, where adults feed almost exclusively on seagrass and
algae on rocky shores (Carvalho et al. 2016; Bahia and Bondioli 2010). Because of
this behavior, they are also the species most caught incidentally in bottom trawl nets
(Awabdi et al. 2018). Species such as the loggerhead turtle and leatherback turtle
have more oceanic habits, as they feed on algae and animals in other habitats,
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Fig. 5.7 Turtles nesting in Brazilian sandy beaches: (a) Female of Green turtle nesting and (b)
returning to the sea, at Atol das Rocas/RN. (Photos: Robson Carvalho); (c) close-up of sea turtle
eggs in a sandy beach nest and (d) researcher digging up sea turtle nest to count eggs in Sitio do
Conde/BA. (Photos: Sarah da Silva Mendes)

making the species vulnerable to accidental capture in many kinds of fishing nets
used by commercial fishermen (Carvalho et al. 2016).

Sea turtles are the only vertebrates that obligatorily nest and, consequently,
depend on sandy beaches to complete their life cycle. Female sea turtles return to
the same beach on which they emerged as hatchlings, to lay their eggs in the dry
beach zones (Miller 1997) (Fig. 5.7¢c, d). Nest site selection is critical and can
greatly impact offspring survival (Patricio et al. 2018). It is driven mainly by physi-
cal factors related to the probability of nest inundation (beach slope and distance
from vegetation), suitability for excavation of the cavity and gas diffusion (grain
size and compactness), and travel distance for females and hatchlings to reach the
sea (beach width and slope) (Brown and McLachlan 2010).

At landscape scales, the presence of coastal lagoons and distance from human
settlements have already been reported as important drivers of nesting beach selec-
tion by sea turtles (Kikukawa et al. 1999).
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Table 5.1 The occurrence of cetaceans in Brazilian coastal waters (Monteiro-Filho et al. 2021;
Wickert et al. 2016; Lodi and Borobia 2013; Siciliano et al. 2006)

Taxon Common name Offshore | Coastal
Mysticeti | Family Balaenidae

Eubalaena australis Southern right whale X

Family Balaenopteridae

Balaenoptera acutorostrata Dwarf minke whale X

Balaenoptera edeni Bryde’s whale X X

Megaptera novaeangliae Humpback whale X X
Odontoceti | Family Dephinidae

Cephalorhynchus commersonii | Commerson’s dolphin X

Delphinus delphis Common dolphin X X

Orcinus orca Killer whale X X

Sotalia fluviatilis* Tucuxi X

Sotalia guianensis Guiana dolphin, marine tucuxi X

Stenella frontalis Atlantic spotted dolphin X X

Steno bredanensis Rough-toothed dolphin X X

Tursiops truncatus Common bottlenose dolphin | X X

Tursiops gephyreus Labhille’s bottlenose dolphin X

Family Phocoenidae

Phocoena spinipinnis Burmeister’s porpoise X

Family Pontoporiidae

Pontoporia blainvillei La Plata dolphin, Franciscana X

Family Iniidae®

Inia araguaiaensis® Araguaia river dolphin X

Inia boliviensis* Bolivian river dolphin X

Inia geoffrensis* Amazon river dolphin, boto X

“Freshwater occurrence

5.2.4 Cetaceans

Brazil is home to 49 of the 87 cetacean species in the world (Monteiro-Filho et al.
2021, Lodi and Borobia 2013), with around 18 inhabiting coastal areas (Table 5.1),
such as estuaries, upwelling regions, and shallow waters near sandy beaches
(Siciliano et al. 2006; Lodi and Borobia 2013) (Fig. 5.8a, b). Cetaceans exploit
waters close to sandy beaches mainly for foraging and may develop specific behav-
iors and strategies depending on the shore characteristics (Santos et al. 2010).
Although their presence in low depths comes with a stranding risk, food availability
for piscivorous cetaceans is a highly attractive factor. Nevertheless, the association
of cetaceans with sandy beaches is indeed more often made regarding stranding
events (or beaching) (Fig. 5.8c), which is a conservation concern and a subject that
has intrigued researchers as long as humans have kept records (Bradshaw et al.
2006). The causes of strandings are usually difficult to detect (Mann et al. 2010), but
in many cases, they have been associated with anthropogenic impacts such as
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Fig. 5.8 Dolphins found on the coast of Brazil: (a) Sotalia guianensis and (b) Steno bredanensis.
(¢) Decomposition of a Guiana dolphin (Sotalia guianensis) carcass stranded on a sand beach,
Southeastern Brazil. (Photos: Bruna Pagliani). (d) Laguna Municipality, southern Brazil, where
bottlenose dolphins hunt in cooperation with fishermen. (Photo: Camila Castroviejo)

bycatch, entanglement in fishing nets, and chemical and noise pollution (Gregory
2009; Baulch and Perry 2014; Unger et al. 2016). Cetacean carcasses often end up
stranded on sandy beaches and can be a great source of information, contributing
with the knowledge of basic data related to the biology, distribution, and occurrence
mainly of rare species (Moura et al. 2010, 2016; Lemos et al. 2013), biology (Peltier
et al. 2012), ecology, and physiological aspects (Jepson et al. 2003).

Additionally, the carcasses that are deposited along sandy beaches enter the tro-
phic processes, where they are a potential food resource for thousands of endemic
and transient scavengers (Schlacher et al. 2013).

Some species seem to take advantage of particular aspects of coastal areas and
have developed specific behaviors associated with sandy beach habitats. Several
foraging strategies have been reported, including intentional beaching? (Hoese
1971; Lopez and Lopez 1985; Guinet 1991; Peddemors and Thompson 1994), chas-
ing, and enclosing prey (Peddemors and Thompson 1994; Santos et al. 2000;
Sargeant et al. 2005). This last foraging behavior always includes a barrier such as
sand bars, mud banks, mangrove islands, or seagrass beds in which the dolphin’s
group the fish up. Fishermen in Bafa de Sdo Marcos, state of Maranhdo (North coast
of Brazil), take advantage of such behavior. Despite not doing so intentionally, in

2Phenomenon in which dolphins strand themselves intentionally on a beach in order to catch prey
that occur in the shallow parts of the beach.
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these events, dolphins help the fishermen by scaring fish and pushing them close to
the beaches where the fishermen put their fishing gear.

In Brazil, a famous case of associations between dolphins and humans occurs in
Laguna, state of Santa Catarina, Southern Brazil (Fig. 5.8d). The register of coop-
erative fishing between Lahille bottlenose dolphins Tursiops gephyreus (previously
recognized as the subspecies 7. truncatus gephyreus) and fishermen dates back to
the year 1850 and occurs primarily on the shores of the bay formed from the ocean
to the lagoon (Pryor et al. 1990; Simdes-Lopes et al. 1998; Peterson et al. 2008;
Wickert et al. 2016).

The cooperation comprises fishermen positioned in line, parallel to the shore, in
shallow waters waiting for the dolphins’ sign. The group of dolphins swims through
the bay searching for the school of mullets Mugil cephalus, enclosing the prey
toward the fishermen’s barriers. The fishermen recognize dolphin signs when the
fish are grouped and immediately throw the fishing nets to trap the prey. At that
moment, the dolphins are positioned at the bottom of the lagoon with their mouths
opened, ready to capture the prey that escapes the trap.

Another reported case of sandy beach use by cetaceans is the Guiana dolphins
Sotalia guianensis, in the Cananéia estuary, located in the state of Sdo Paulo (Santos
et al. 2000, 2010). The foraging and feeding behavior displayed close to sloping
beaches, estuarine mudflats, or sandbanks is described as “beach hunting” (Sargeant
et al. 2005). Usually, the dolphin emerges exposing its body, partially or totally,
close to those barriers to catch the prey (Santos 2010). Interestingly, female-calf
pairs composed the majority (92.4%) of beach hunters suggesting another possible
example of cultural transmission (Santos 2010). Similarly, a female-calf association
was observed in the intentional strandings behavior of killer whales Orcinus orca in
Possession Island, Crozet Archipelago (Guinet 1991; Guinet and Bouvier 1995),
and killer whales of Patagonia, Argentina (Lopez and Lopez 1985).

Similar behaviors associating dolphins and sandy beaches have also been docu-
mented in the complex Amazon River systems, where Amazon dolphins (/nia sp.)
and Tucuxi botos (Sotalia fluviatilis) use many freshwater sandy beaches and mud
banks to catch their prey, particularly in dry seasons (Boran et al. 2002). For more
than four decades, those associations in sandy beaches have been known in different
parts of the world, such as the Atlantic hump-backed dolphin Souza teuszii on the
Mauritania coast (Busnel 1973) and the bottlenose dolphins 7. truncatus in Georgia
(Hoese 1971) and Florida (Torres and Read 2009) on the US coasts.

5.3 Main Threats

5.3.1 Urban Development

The increasing population densities on the Brazilian coast have led to significant
levels of coastal urbanization. This comes with multiple stressors that act in the
sandy beach environment linked to human activities and interventions, forming
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specific threats to vertebrates that frequent sandy beaches. Changes made to the
physical environment related to urban development are numerous, such as landfills
and silting for the construction of ports, industries, shrimp aquaculture, loss of sedi-
ment input from continental drainage, or the removal of neighboring vegetation
such as mangroves (Chap. 9).

Although some studies have included the impact of anthropogenic factors at vari-
ous spatial scales (e.g., nourishment, food depletion, and seascape fragmentation)
on the diversity of surf zone fish (Costa et al. 2017b; Ortodossi et al. 2019; Wilber
et al. 2003) and discussed the effects of urbanization (Shah Esmaeili et al. 2022),
little is known on the degree of these impacts in driving surf zone fish communities
in Brazil.

The increasing urbanization of sandy beaches and intense tourism in Brazil have
been shown to reduce the richness, diversity, and abundance of fish in the surf zone
of sandy beaches affected by pollution and increased tourism in the austral summer
(Pereira et al. 2015; Franco et al. 2016; Costa et al. 2017b), overlapping with natural
seasonal variations. Also, Lunardi et al. (2012) showed that migratory birds can
avoid beaches closer to urban settlements along the northeastern coast of Brazil.
Thus, beach quality becomes decisive for the energy intake and migration success
of several threatened migratory shorebirds (Lunardi et al. 2012). Studies conducted
in Australia also showed that increasing urbanization reduces the presence of large
raptors that are known to scavenge on sandy beaches (Huijbers et al. 2013) while
altering the habitat selection of many shorebirds (Meager et al. 2012) and contribut-
ing to the propagation of urban alien pigeons (Columbia livia).

Some species of migratory birds, such as the sandpiper (Calidris fuscicollis) and
the red knot (Calidris canutus), have shown decreasing populations due to the
decreased suitable habitats used during migration, including sandy beaches
(Morrison et al. 2004; Anderson et al. 2019). The physical presence of humans on
sandy beaches is known to scare away many bird species (Yasué 2006). Human
settlements also coincide with the presence of domestic animals such as cats and
dogs on beaches, as well as rats, all of which have been shown to prejudice the pres-
ence of some bird species by frightening and preying on birds (Banks and Bryant
2007; Beckerman et al. 2007). Additionally, vehicle traffic on the beach forms a
threat to both birds and sea turtles (Costa et al. 2020) (Fig. 5.9).

5.3.2 Light and Sound Pollution

Artificial light, usually associated with man-made structures, causes stress or disori-
entation in several sandy beach vertebrates such as birds and sea turtles (de Freitas
et al. 2017). For example, in coastal areas, these stressors leave sea turtle hatchlings
disoriented, without being able to reach the sea (Mascarenhas et al. 2003), some-
times walking in circles for hours (“disorientation”) or going directly toward the
direction of light and not toward to sea (“misorientation”’) (Salmon 2003). Human
disturbances at local scales, such as artificial light pollution and vehicle traffic,
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Fig. 5.9 Sea turtle run
over by a vehicle on a
sandy beach. (Photo:
Julyana Madureira)

disrupt nesting site selection (Sella and Fuentes 2019) and also threaten the off-
spring’s survival by impacting both eggs and newborns (Fernandes et al. 2016).

In Brazil, more than half of the turtle nesting beaches were located in areas
potentially exposed to light pollution and light levels appeared to have a significant
effect on nest densities of hawksbills; however, other environmental factors are
more significant in the choice of the nest site. Light pollution may affect more
hatchlings in coastal waters; however, further studies on the impact of light pollu-
tion on sea turtle populations along the Brazilian coast should be carried out
(Colman et al. 2020).

Human activity also generates anthropogenic noise, which mainly affects marine
mammals, due to their accurate subaquatic hearing systems (Southall et al. 2008).
Cetaceans use sound communication for many aspects of their life, such as locating
prey, orientation, reproduction, defense, and other social skills (Tougaard et al.
2014). Anthropogenic noise can mask or avoid communication among animals,
affecting social interaction, reproduction, as well as predator detection (Erbe et al.
2016). Maritime traffic and lack of regulated tourism imply serious risks to ceta-
ceans since animals are subjected to stress and noise, which can leave them disori-
entated and, in many cases, can lead to injuries caused by boat engines (Camargo
and Bellini 2007; Waerebeek et al. 2007; New et al. 2015). This issue, however, is
still largely overlooked along the Brazilian coast, with very few studies relating the
presence of cetaceans in uncommon areas to misorientation due to noise pollution
(e.g., Neto et al. 2008).
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5.3.3 Chemical Pollution

The lack of basic sanitation in coastal cities leads to the pollution of sandy beach
habitats by domestic and industrial sewage. Trace elements have been detected in
turtles (Barbieri 2009) and birds (Barbieri et al. 2010) along the Brazilian coast,
since they, in general, are at the top of food chains in coastal areas, favoring the
bioaccumulation and biomagnification of pollutants in their tissues and feathers
(Burger and Gochfeld 2004; Bisi et al. 2012). Several studies indicate serious con-
sequences in the life cycle of birds when their prey is contaminated by hydrocar-
bons or heavy metals (Bond et al. 2015; Burger 2002), including on Brazilian shores
(e.g., Bisi et al. 2012). Due to their commercial value, bioaccumulation of trace
metals in sandy beach fishes is not only of ecological interest but has also been
studied on the Brazilian coast to monitor the risks of fishing and fish consumption
by humans in coastal environments (Vieira et al. 2020).

Brazil is one of the countries most vulnerable to the ecological and socio-
economic impacts of pollution by crude oil in marine environments (Magris and
Giarrizzo 2020), and sandy beaches are on the frontlines of possible disasters. A
recent example of an oil spill reaching Brazilian beaches occurred in August 2019,
when thousands of tons of crude oil residue from an unknown source began to wash
up along an almost 3000-km stretch of shoreline and on >980 beaches (Escobar
2019; De Oliveira Soares et al. 2020). As expected, areas exposed to oil residues
overlapped with the distribution range of various vertebrate species, including elas-
mobranchs, bony fishes, turtles, birds, and marine mammals; some of them were
found covered in oil (Magris and Giarrizzo 2020; De Oliveira Soares et al. 2020).

Oil coverage and accumulation of toxic compounds disrupt physiological func-
tioning, including nervous disorders, and increased susceptibility to predation
(Johansen et al. 2017). Changes in the physicochemical mosaic of the water and
sediments affect daily and seasonal activities, connectivity among coastal ecosys-
tems, and, consequently, pivotal life cycle processes of vertebrates.

5.3.4 Solid Wastes Pollution

Marine debris discarded in rivers or left by beach users is known to cause harm to
marine animals that mistake these items for food or nesting materials and get preju-
diced by the consumption and exposure to adsorbed pollutants (Tavares et al. 2016).
A well-known example of that is the ingestion of plastics by sea turtles (Mendes
et al. 2015; Carvalho et al. 2015) and birds on Brazilian sandy beaches (Tavares
et al. 2017). All turtles and 40% of seabirds found along the beaches in the state of
Rio Grande do Sul, for example, ingested debris, with plastic being the main type of
material ingested (Tourinho et al. 2009). Marine debris, especially plastic, and other
anthropogenic sources of pollution are the principal threat associated with whale
stranding (Baulch and Perry 2014).
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Additionally, these larger plastics break down into microplastics, which have
been shown to inhibit hatching, decrease growth rates, and alter the feeding prefer-
ences and innate behaviors of fish larvae (Foley et al. 2018). Also, predator-induced
mortality rates could greatly increase, since individuals exposed to microplastics do
not respond to olfactory threat cues (Lonnstedt and Eklov 2016). Microplastic
ingestion by surf zone fishes on the Northeast coast of Brazil has been reported
regardless of their feeding habitats, although adverse effects at the individual level
remain unknown (Dantas et al. 2020).

5.3.5 Harvest and Fishing

The main threat to sea turtles in Brazil until the 1980s was hunting and the con-
sumption of eggs by humans. Nowadays, egg poaching has been reduced to very
low levels (Thomé et al. 2007), but hunting persists in some regions of the Southeast,
where turtles accidentally caught in nets are used by fishermen as food (Carvalho
et al. 2015). The consequences of several human impacts, including poaching have
led all five sea turtle species found on the Brazilian coast to be considered
endangered.

Surf zone fishes have not been reported to be depleted by small-scale fishing
typically practiced on beaches. Only one species that inhabits sandy beaches is cur-
rently known to be critically endangered (Genidens planifrons), whereas two are
considered endangered (Genidens barbus and Pogonias cromis). On the Brazilian
coast, hundreds of people participate in angling tournaments that remove tons of
fish from the surf zone every year, but the long-term consequences of this activity
are still unknown. Barrella et al. (2016) estimated catches by angling correspond to
only 2% of commercial landings in Southeast Brazil. Traditional fishermen that
continue to use beach seine nets often do it on smaller scales (Da Silva 2004). Some
commercial species (e.g., mullets and blue fishes) inhabiting surf zones temporarily
can become less frequent because of overfishing offshore, not necessarily as a result
of fishing on the beach. Some species occurring in Brazilian surf zones, such as the
Florida Pompano Trachinotus carolinus, have been classified as overfished else-
where (Solomon and Tremain 2009).

5.3.6 Bycatch and Ghost Fishing

The incidental capture (i.e., bycatch) of non-target vertebrates and the subsequent
disposal of these organisms constitute a major environmental problem that fishing
activity has been dealing with (Rodrigues-Filho et al. 2015). Guimaraes et al. (2018)
reported a bycatch of five turtles/1000 h/unit effort by bottom trawlers along the
Brazilian coast, mainly in the state of Rio de Janeiro. These authors found that tur-
tles are caught mainly in shallow waters, where they are usually more abundant.
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Shrimp trawling is used along almost the entire Brazilian coast (Branco et al.
2015; Junior et al. 2013) and has been estimated to produce more than one-third of
the world’s total bycatch because of its low selectivity (Alverson et al. 1994).
Because shrimp trawling is conducted mainly in shallow waters, in some cases
along surf zones, the bycatch composition consists mainly of juvenile fishes of
demersal and benthopelagic species (Junior et al. 2013; Rodrigues-Filho et al. 2015).

Even though considered less invasive to surf zone fish, beach seine nets are
known to capture threatened or endangered elasmobranchs (Yokota and Lessa
2006). The presence of both egg capsules and small individuals (e.g., Carcharhinus
porosus) and large pregnant females of Sympterygia sp. in beach seine net hauls
shows the use of surf zones as breeding areas as well as nurseries (ICMBio 2018).
Some of these species have a high commercial value because of the quality of their
fin meat (e.g., Carcharhinus plumbeus) or their ornamental/medicinal value (e.g.,
Hippocampus reidi).

Another significantly harmful phenomenon is “ghost fishing” when lost or aban-
doned fishing gear keeps capturing organisms (Matsuoka et al. 2005). The most
recorded discharged fishing gears in Brazil are nets, ropes, and fishing lines found
on beaches, submerged in coastal areas, and on oceanic islands (Link et al. 2019).

Fishing activities also significantly compromise the survival of cetaceans. Small
cetaceans are often accidentally captured by fishing gear (Lewison et al. 2014;
Quirds et al. 2018). The most critical example is the “Toninha” or “La Plata River
dolphin,” Pontoporia blainvillei (Fig. 5.10a), endemic to the Western South Atlantic
and on the verge of extinction. It is one of the main species of small dolphins

Fig. 5.10 (a) La Plata dolphin/toninha (Pontoporia blainvillei). (Photo: Bruna Pagliani). (b)
Green sea turtle trapped in a fishing net. (Photo: Leonardo Costa)
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recorded dead or seriously injured stranded on Brazilian sandy beaches. Being
restricted to coastal waters, the La Plata dolphin faces a huge threat of incidental
capture by fishing gear besides other environmental degradation (Rosas et al. 2002).
Many gill nets are placed in shallow waters, up to five nautical miles away from the
shore, and up to 20 m deep (Di Beneditto et al. 1998), and can accidentally trap
dolphins. If not trapped, they tend to obtain food and damage and/or capture fish
from the nets, consequently causing losses to the fishermen and giving them the
image of “competitors” for the same resource.

5.3.7 Prey Depletion

On the Brazilian coast, benthic invertebrates, such as the mole crab Emerita brasil-
iensis and the trigonal clam Tivella mactroides, are important food sources for
Trachinotus spp. and Menticirrhus spp., typical fishes inhabiting the surf zones
(Rodrigues and Vieira 2010; Turra et al. 2015; Costa and Zalmon 2017). Polychaetes
are also common food items for fishes on beaches (Amaral et al. 1994). Upper shore
macroinvertebrates, such as sandhoppers, were also reported as important prey for
surf zone fishes (Costa and Zalmon 2017). Similarly, the occurrence of shorebirds
in beach habitats, such as the Royal tern (Thalasseus maximus) and the South
American tern (Sterna hirundinacea), depends on the invertebrate density (Lunardi
et al. 2012; Rangel et al. 2022).

However, due to the intense tourism and urban development, macroinvertebrates
have been intensively disrupted on the Brazilian coast (see Chap. 9). Studies have
shown that Trachinotus spp. are now feeding on litter-associated insects on urban-
ized sandy beaches, instead of preying on intertidal macroinvertebrates like in non-
urbanized areas (Costa and Zalmon 2017; Jinior et al. 2020). In some cases, surf
zone fish can avoid urbanized beaches during the high tourism season, in response
to food depletion (Costa et al. 2017b). Consequently, predators of surf zone fish,
such as seabirds, also avoid surf zones of disturbed beaches, and energy transfer
between trophic levels tends to be less efficient leading to vertebrates chronically
avoiding the beach ecosystem in disturbed areas (Costa et al. 2017a).

5.4 Conservation Challenges and Initiatives

To implement effective conservation actions, there is a need for solid baseline data,
which for all the discussed vertebrate groups is either limited to certain species or
specific areas along the coast (Amaral and Jablonski 2005). This is caused by both
a lack of investment in scientific research and long-term monitoring programs. The
main challenge in long-term monitoring is the sampling effort, which requires both
heavy investment in time and resources and the implementation of standardization
protocols at broad scales specifically for vertebrates. New techniques such as the
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use of Surf Baited Remote Underwater Videos (surf-BRUVs) (Vargas-Fonseca et al.
2016; Shah Esmaeili et al. 2021) or even implementing the use of eDNA (Jeunen
et al. 2019) could be a possible low effort and low impact solution for the detection
of aquatic vertebrates in sandy beaches.

The use of platforms such as e-bird (Sullivan et al. 2009), which uses the input
of data provided by citizens, could also be performed for other vertebrate groups,
increasing the number of reports on a large scale and helping the mapping of species
distribution, including migrant ones. The study of coastal birds, for instance, could
help in choosing beaches with fewer restrictions on human use, where activities
such as tourism cause less damage to biodiversity, the ecosystem, and the services
provided (McLachlan et al. 2013).

A possible solution for social-ecological conflicts on beaches is considering an
ecosystem-based approach with an integration of physical, biological, and social
factors (Chap. 10). For that, scientists from different areas need to collaborate with
governance and the local population. Although this is very challenging, some exam-
ples of these efforts are productive in both generating baseline data as well as con-
structing conservation and management plans (e.g., such as the BIOTA-Aracgd
project, Amaral et al. 2018). The Ecosystem Approach to Fisheries (EAF) has been
proposed as a holistic framework for managing fisheries. The purpose of this
approach is to address the needs of societies and simultaneously promote ecosystem
conservation in the long term. Co-management (Co-M) is a governance model that
naturally accomplishes EAF goals, because its arrangement shares assignments
between government, stakeholders, and, advisably, researchers for managing natu-
ral resources (Gianelli et al. 2015). Small-scale fisheries are predominant on
Brazilian sandy beaches, and this chases the fundamental steps of EAF. However, in
most cases, subsistence or commercial fishing is not included formally in manage-
ment plans in Latin America (Gianelli et al. 2015). EAF/Co-M is undoubtedly a
promising initiative for managing fishery on beaches, but further research is neces-
sary on its performance at local and regional scales, particularly in areas where
fishing occurs for commercial purposes.

Concerns are raised regarding the regulation of both commercial and recreational
fishing. Notably, it is urgent to regulate fishing gear aiming to reduce loss and, con-
sequently, bycatches and marine pollution. There is specific legislation to reduce
incidental captures by certain fishing gear types, such as the use of turtle excluder
devices (TEDs), but they are not specific for the predominant recreational angling
or harvesting on sandy beaches vertebrates. There is a lack of surveillance of beach
angling in Brazil (Barrella et al. 2016), and several angling tournaments (see Sect.
5.3.5) have applied the “catch-release” approach (promoted by IBAMA-Brazilian
Institute for the Environment and Renewable Natural Resources) instead of donat-
ing the captured fishes to charities, as an attempt to reduce potential negative effects
of angling on surf zone fish. This strategy is ecologically questionable, since the
captured fishes can become vulnerable to predation and diseases after being dis-
turbed and/or injured by fishing artifacts.

Implementation and inspection of regulations are most effective when there is
support from local communities and the general public; therefore, investment in
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education and awareness is essential. Projects such as TAMAR (www.tamar.org.br)
that work on the preservation of sea turtles, changed the history of sea turtle conser-
vation in Brazil in the 1980s, by protecting the main breeding areas (Marcovaldi and
Marcovaldi 1999). In the 1990s, the project had already worked with fishermen,
environmental education, and ecotourism. The actions of TAMAR continue to this
day, highlighting its enormous importance in the protection of sea turtles, mainly
bringing more environmental awareness to the population and more action by gov-
ernment agencies in conservation efforts. Over the past few decades, several sea
turtle conservation projects have added to their efforts to protect sea turtles in all
regions of Brazil, making this charismatic species a great asset in passing the mes-
sage on the importance of the conservation of sandy beaches as a whole (Table 5.2).

In conclusion, there are several challenges to achieving sandy beach conserva-
tion, and beach vertebrates could be excellent symbols for that. Several fishes,
coastal birds, sea turtles, and marine mammals are charismatic and can contribute to
attracting the conservation appeal of citizens. Marketing strategies based on public
preferences must be applied to find potential flagship species, aiming to get more
funding opportunities for both biodiversity popularization and environmental edu-
cation initiatives, as well as to improve research and monitoring. As the above-
mentioned vertebrates usually depend on several habitat features to select suitable
beach habitats, they can also act as umbrella species, in which their protection will
result in the conservation of the coexistent biota (Maslo et al. 2016). Therefore, it is
time for networks and multidisciplinary efforts, especially if the main goal is the
conservation of the ecosystem with one of the highest recreational values in
the world.

5.5 Research Gaps and Avenues for Future Studies

For all vertebrate groups mentioned in this chapter, available information from dif-
ferent parts of the country is scarce. Since many vertebrates are migratory and not
restricted to sandy beaches in one specific region, information about distribution
ranges is essential. For example, little is known about the connectivity of coastal
environments along the Brazilian coast. Nationwide or regional studies are rare but
crucial when dealing with highly mobile species. Another problem is that most of
the studies cover a short temporal scale (one season, < 2 years). This is likely related
to the short duration of grants and research projects, on average lasting 2 years. This
could be not sufficiently informative to detect impacts or to assess the recovery
capacity from human disturbances that threaten sandy beach biodiversity in Brazil.

Although a few studies have focused on the variability of fish communities on
sandy beaches, these studies were all highly concentrated in specific areas and so
far, only one study comparing different regions is available (Aratjo et al. 2018).
One of the main problems is the labor intensity of surf zone fish sampling.
Methodological constraints have been shown to compromise a full understanding of
the surf zone functioning and biodiversity, given that generally only a single
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Table 5.2 List of sandy beach vertebrates and their International Union for Conservation of
Nature (IUCN) status, status in Portaria MMA N° 148, of June 7, 2022, and main threats they face,
ranging from orange (mild) to dark red (heavy)

Main treath
Urban (Chemical |Sowdé light [Harvesting | Byeatch and| Prey
Group Species Status QUCND| Status PMMA 2022) [P pollion [pol ond fihing [ghoat fihing| dpletion
Ganidens barbus Unknown EN
G dens planjfrons Unknown R
Grre harhimes obscitres EN EN
Carcharhines plumbeus EN CR.
Mo gaprion brovirostis vu EN
Grmnure altawla EN [=:3
Musteles schmits CR. CR.
3 Rhinoptire brasbends CR &R
E Riorgja agasidi vu U
= Paudobatos percallens EN v
Zapteryx brevirostis EN WU
Fogonias cromis Lc EN
Mpcteroperca bomad HT wu
Sphpma lewini CR R
Sguatng gugeenhoim EN R
Squating occulia CR. CR
Marcing bradlionds NT VU
Charadrins wilona LC wu
Sterna dougalli LC wu
Sema Hrundinacea L VU
Thal Taride Unk U
Thelassus maxmus LC EN
Grlidni s canutus NHT wu
Gulid s pusilia NT EN
Gulidi s subryficollis NT U
Limnodromus grizeus Lc EN
Mumenius fud. Unk vu
g Diomedea dabbenena CR R
= Liomedea epomophonz WU Yu
| Llomaden axelens v e
LDiomedea sanford EN EN
Thal h pmch EN EN
Frocellaria asquinoctials vu WU
Procall piallat vu U
| Prarodroma arminjeniane VU CR
Plarodroma deserta vu u
Frarodroma incerta EN EN
FHerodroma madana EN EN
Py @R
2 Garelila canlia vu wu
=§ Eratmochelys imbricate CR. EN
2 Lepidochelys obivacea VU vu
& Dermochelys coriacea VU CR
= Eubalaena anstralis Lc EN
E Sotaka puaninds NT VU
g [ w ]
E Iz geoffrends EN EN
= Pontoporia blamiliel vu ®

sampling method (i.e., beach seine netting) is used. Additionally, few studies have
focused on habitat requirements of specific fish species (e.g., Aragjo et al. 2008a, b;
Mattox et al. 2008; Andrades et al. 2012), particularly those with commercial inter-
est (e.g., Mugilidae, Pomatomidae, Clupeidae, and Sciaenidae). As coastal fisheries
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are the source of more than 90% of the food provided by marine ecosystems (Garcia
and de Leiva Moreno 2003) and have, in recent years, reached levels of approxi-
mately 130 million tons per year (Watson and Tidd 2018), it is important to study
their direct and indirect impacts. Although some studies have focused on monitor-
ing catch and bycatch numbers in Brazilian shallow waters (Silva Junior et al. 2013;
Rodrigues-Filho et al. 2015), there is still little information available on the species
and the quantity of fish that end up as both targeted and non-targeted catches.
Besides, mitigating actions for angling disturbances (e.g., catch and release
approach) have not had their impacts and efficiency scientifically assessed in Brazil.

Studies on the population size of birds on sandy beaches are still scarce in Brazil
(e.g., Lunardi et al. 2012; Barbieri and Hvenegaard 2008; Mancini et al. 2018).
Most of the studies concerning habitat selection by birds are carried out on low-
energy ecosystems like mangroves and coastal lagoons (Tavares et al. 2015), and
thus, ocean beaches may be neglected as important feeding habitats. To argue about
the importance of sandy beaches in that context (e.g., intertidal and surf zones), it is
essential to determine how typical prey, usually invertebrates and fish, are important
as a food resource for these bird species and the effects of human disturbances on
both prey and predators (e.g., Costa et al. 2017a, b). It is not well-known if top-
down or bottom-up processes concerning birds, fish, and invertebrates relationships
are predominant on sandy beaches, including Brazilian ones (Dugan et al. 2003;
Costa et al. 2017a, b). As seabirds and shorebirds require areas with low disturbance
and a high abundance of food, they can be important conservation shortcuts that
deserve more attention in ecological assessments on sandy beaches.

Studies on the genetic information of beach organisms are important for the
strategies of conservation and management of vertebrates, since the knowledge they
bring can help to understand biological factors, such as interconnectivity between
nesting and foraging metapopulations (Jorddo et al. 2015), and other factors related
to conservation, such as the impacts of incidental catches by fishing nets (Proietti
et al. 2014a). In Brazil, genetic studies are still lacking, especially those seeking to
understand the frequency and importance of hybrids for the conservation of species,
since hybrids may have a high frequency in some regions (Soares et al. 2017).
According to Proietti et al. (2014b), understanding how hybridization affects the
distribution and ecology of sea turtles in Brazil is a complex task that is nevertheless
fundamental when defining conservation strategies.

Considering strandings on sandy beaches and the use of shallow waters associ-
ated with that environment, the main gaps concerning cetacean conservation are
related to the lack of basic information on the biology and ecology of species,
mainly the ones classified as Data Deficient by the [IUCN. Basic information (such
as population growth, for example) is necessary for better understanding the dynam-
ics of populations and their interaction with environmental factors, as well as mak-
ing predictions about future changes in that population. Besides the aforementioned
information, studies on how anthropogenic stressors affect marine mammal species
should be the principal research direction for setting specific conservation and man-
agement targets and maintaining the biodiversity of the group. Especially for coastal
areas, bycatches and fishing gear entanglement are threats to small cetaceans and
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must be prioritized in management actions. More recently, as a result of globaliza-
tion and maritime transportation in the past decades, another gap consists of how
noise pollution affects cetacean populations around the world. This information can
directly or indirectly assist in decision-making and monitoring species to prevent
(or minimize) stranding situations.

Overall, drivers of community composition or focal species of sandy beach ver-
tebrates have not been revealed so far. Very few studies have also discussed the
connectivity with the open sea and terrestrial environments (Liebowitz et al. 2016),
regarding the exportation of biomass for example. Lastly, many studies focus on a
small number of species within a certain phylum. The interaction between different
phyla within the sandy beach ecosystem (e.g., trophic connections), including all
the ones discussed in other chapters of this book, is still very little reported, includ-
ing effects caused by urbanization (Costa et al. 2017a, b).

5.6 Final Remarks

This chapter emphasizes the diversity and importance of vertebrate species found
on Brazilian sandy shores, including fishes, birds, turtles, and cetaceans.
Unfortunately, these species are severely threatened by several human activities
such as fishing, coastal urbanization, and discharge of pollutants, and many of them
face risk of extinction. Solid baseline data is still necessary to implement effective
conservation actions for all the discussed vertebrates. Studies comprising broad and
integrative perspectives, including the propagation of impacts through the whole
coastal food-web, may provide subsidies for the implementation of public policies
for the conservation and sustainable management of coastal zones, including sandy
beaches and their interfaces. Despite the research gaps, vertebrates are very often
present on beaches, allowing scientific studies that support planning for sustainable
ecotourism. Notoriously, vertebrates raise more public engagement for conservation
than resident fauna mainly composed of inconspicuous crustaceans, mollusks, poly-
chaetes, and insects. We need to better explore this potential of using vertebrates in
outreach and providing a more biocentric view of sandy beaches.
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6.1 Introduction

Population biology can be simply defined as the study of a group of individuals of
the same species with a high probability of interacting with each other (Hastings
1996). Nevertheless, this term has been used both in the sense of applying mathe-
matical models to describe and predict population dynamics (e.g., Hastings 1996;
Wilson and Bossert 1971) or in a wider context, usually as an interdisciplinary field
that combines concepts from ecology, evolution, systematics, genetics, and mathe-
matics (e.g., Neal 2019). Here, we use population biology as the investigation of
population parameters, such as abundance, growth, production, and reproduction,
and how environmental features and biological interactions influence them.
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Population biology studies are essential as they provide robust information for
understanding how populations change in space and time, thereby assisting in the
management of stocks of commercially and ecologically important species (Dolbeth
et al. 2012). They have also been recognized as a powerful tool in ecosystem con-
servation programs with applications in energy — biomass flow studies, trophic ecol-
ogy, and assessment of environmental stress (Dolbeth et al. 2012).

In this chapter, we present the main population parameters estimated for sandy
beach macrobenthic species, the most well-known component of Brazilian sandy
beach biodiversity, and how they are obtained. Then, we review the population stud-
ies on Brazilian sandy shores emphasizing the most studied species and sites inves-
tigated. Finally, we highlight gaps and avenues that should be explored in future
studies and provide some final remarks on the population biology of Brazilian sandy
beach species.

6.2 Population Parameters of Sandy Beach Species

6.2.1 Abundance

Abundance is perhaps the most important parameter for investigating populations’
dynamics in natural ecosystems (Yin and He 2014). Knowledge about abundance
variations is critical to understanding underlying processes influencing the distribu-
tion of organisms in space and time (Defeo and Rueda 2002), as well as to inform
decision-making in biological management and conservation, for example, assess-
ing the extinction risk of endangered and/or over-exploited species. Furthermore,
knowledge about species abundance is essential to estimate other population param-
eters such as recruitment, growth, biomass, production, and turnover rate.

Given its importance, abundance estimates should be reliable to avoid erroneous
interpretations of populations’ conditions. However, most sandy beach populations
show aggregated patterns of distribution related to environment gradients (e.g.,
zonation, Chap. 4), which may lead to under or overestimates of their abundance.
Thus, to better quantify sandy beach populations, researchers should sample the
whole area where the species is likely to be found, attempting to include sites with
high and low abundances.

For species inhabiting different zones of the across-shore gradient (e.g., supralit-
toral, intertidal, and/or subtidal), this is done usually following two sampling
designs: (1) species-driven and (2) environmentally driven (Defeo and Rueda 2002).
In both designs, sampling points are systematically placed along transects perpen-
dicularly fixed to the shoreline, and samples are collected along these transects.
However, while the length of the transects is determined by species’ across-shore
distribution in the former (at least two or more samples with zero abundance are
sampled in both the up shore and down shore directions before terminating the tran-
sect), it is defined by the environmental references in the second (e.g., tidal marks,
swash levels, or drift lines in the second) (see Defeo and Rueda (2002) and Schlacher
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et al. (2008) for a revision on sandy beach sampling issues). In Brazil, most popula-
tion biology studies on sandy shores used the environmentally driven/fixed transects
approach to investigate population parameters of local species (e.g., Cardoso and
Veloso 2003; Petracco et al. 2003; Turra et al. 2014). However, preliminary surveys
are usually conducted to better establish the distribution range of the studied species
(e.g., Corte et al. 2020; Denadai et al. 2004; Petracco et al. 2014).

After sampling, sandy beach researchers usually present quantitative estimates
of abundance as mean densities per square meter, where the number of individuals
is averaged by the sampled area. It is also common to provide abundance estimates
as the number of individuals per running meter or strip transect (IST: ind/m) (Defeo
and Rueda 2002), an approach that considers the abundance of individuals along the
whole across-shore gradient. The IST can be obtained by multiplying the mean
density (ind/m?) of all n samples pertaining to the transect multiplied by the corre-
sponding width (across-shore component) of the transect (Defeo and Rueda 2002).
In Brazil, approximately 75% of the studies presenting the abundance of sandy
beach populations used the number of individuals per square meter, while the
remaining 25% estimated the abundance as individuals per running meter or strip
transect (Table 6.1). Only a limited number of studies (e.g., Corte et al. 2015; dos
Anjos 2016) used both approaches, which may facilitate comparisons with studies
performed in different locations on the Brazilian coast and worldwide.

6.2.2 Recruitment

In general terms, recruitment refers to the addition of new individuals to a popula-
tion and is strongly linked to changes in the abundance and size structure of a popu-
lation. Recruitment of marine organisms, including sandy beach species, involves
four phases: (1) development (including dispersal as a planktonic form), (2) testing
of habitat for suitability, (3) settlement, and (4) survival until the organisms are
counted by an observer (Keough and Downes 1982). It is important to note that the
organism needs to go through these four phases to be considered as part of the popu-
lation (recruit) (Keough and Downes 1982).

Several studies on the population biology of Brazilian sandy beach species have
used the software FAO-ICLARM Stock Assessment Tools (FISAT II — version
1.1.0) (Gayanilo et al. 2005) to estimate recruitment rates of macrobenthic organ-
isms. The FISAT II provides multiple analyses on population parameters of fish and
invertebrate species and is a valuable tool for sandy beach researchers. However,
from our experience, it does not provide accurate recruitment estimates, especially
for populations with continuous recruitment —a common pattern for Brazilian sandy
beach species (Table 6.1).

Therefore, probably the most effective way to estimate recruitment events for
sandy beach populations is simply grouping sampled individuals into size classes,
plotting periodical length-frequency distributions (i.e., the number of individuals in
each size class), and estimating recruitment patterns by observing peaks in the
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Fig. 6.1 Length-frequency distributions (LFD) of Anomalocardia brasiliana (flexuosa) on the
North coast of Sdo Paulo state. N: number of individuals; MS: mean size of individuals

frequency of juveniles in the length-frequency distributions. Figure 6.1 shows the
length-frequency distributions of one population of the species Anomalocardia
brasiliana (flexuosa) inhabiting the North coast of Sdo Paulo investigated by Corte
et al. (2015). The rectangles on the left side of each plot highlight the presence of
young individuals (<5 mm length) throughout the year but with higher intensity in
May 2007. This pattern, however, is not demonstrated by the recruitment estimates
obtained with the FISAT II software (Fig. 6.2).
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Fig. 6.2 Recruitment 20
estimates for
Anomalocardia brasiliana
(flexuosa) on the North
coast of Sao Paulo state
obtained with the software
FAO-ICLARM Stock
Assessment Tools (FISAT
II — version 1.1.0). (The
data was the same used in
Fig. 6.1)
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6.2.3 Growth

Growth is generally defined as the increase in size and/or mass of an organism with
time. It is the main characteristic of most organisms and the essential information to
estimate population mortality or production (Brey 2001). Although growth is an
individual feature (i.e., each individual of a population exhibits its pattern of growth
during its life), it is expected to be similar among all specimens within a population.
Thus, growth may be estimated as growth function parameters describing the growth
of an “average individual” in the population (Brey 2001).

Growth parameters of sandy beach species are usually estimated using the gen-
eralized von Bertalanffy growth function (VBGF).

L=L, 1_exp{_K(t_tO)){%}insm(Z”O_t:))_(%JSinSin(zﬂ(to_tf))]

Where Lt is the length (size) at time t; L, is the theoretical maximum length that
one individual of the studied population would reach; K is the curvature parameter
(ameasure of the rate at which maximum size is reached); C is the parameter reflect-
ing the amplitude of seasonal growth oscillation (varies between O and 1, with 0
indicating no oscillation and 1 interrupted growth rate at a given season); 70 is the
time at length 0, and ts is used to estimate the “winter point,” that is, the time where
growth is slowest (WP =ts + 0.5).

To estimate the growth parameters, it is necessary to know how the population
changes in individual size over time (i.e., obtain an age-length key) and use these
values as input for the VBGF. This can be done directly, for example, using mark-
recapture (tagging) experiments, or indirectly by analyzing the length-frequency
distribution (LFD) of the population at different times (Fig. 6.2). The mark-recapture
approach involves sampling and measuring the same individual in different times
and can provide detailed and high-quality information on individual growth.
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However, the costs of its implementation on large scales and/or in natural ecosys-
tems can be prohibitive as only a very small fraction of organisms are recaptured
(Fontoura-da-Silva et al. 2016). Therefore, the LFD approach has been widely used
to estimate the growth parameters of marine invertebrates and fishes, including
those found on Brazilian sandy beaches (Table 6.1).

The estimation of the growth parameters through the LFD analysis can be done
automatically in the software FISAT II using the Electronic Length-Frequency
Analysis (ELEFAN), which generates a growth curve from the best fit to the length-
frequency data and calculates the VBGF parameters (Fig. 6.3).

Another possibility is to use modal progression analysis (MPA) (Bhattacharya
1967) to estimate growth parameters. Briefly, this method infers growth from the
apparent shift in the size of the modes (cohorts) over time (i.e., in a time series of
length-frequency samples). This is done in three steps: (1) decomposition of LFD to
identify modes/cohorts (i.e., separation of normally distributed components of size-
frequencies — Bhattacharya’s method and NORMSEP in FISAT II) (Fig. 6.4), (2)
“linking” of the modes perceived to belong to the same cohorts, and (3) using the
growth increments and size-at-age data to estimate growth adopting a theoretical
growth function (such as VBGF) (Gayanilo et al. 2005; Gomez and Defeo 1999)
(Fig. 6.4). While using the ELEFAN routine is more straightforward, MPA provides
the statistical significance of each parameter and may, therefore, provide more reli-
able estimates. Furthermore, the MPA is likely a more appropriate method to esti-
mate the growth parameters of sandy beach invertebrates due to their relatively
lower mobility and large variations in recruitment (Chatzinikolaou and
Richardson 2008).

In Brazil, the LFD analysis is by far the most used method to assess the growth
of sandy beach species. Most studies done thus far applied the ELEFAN routine to
obtain growth parameters; however, the use of MPA has increased over the last
decade (Table 6.1). On the coast of the state of Sdo Paulo, Silva et al. (2015) used
the ELEFAN routine and MPA to estimate the growth parameters of the razor clam
Tagelus plebeius. The authors found similar values when using both methods,
thereby strengthening their findings.

(=]

Length (mm)
s

e S N L < T TR N T B SO B S S N W BN L B S
1998 1999

Fig. 6.3 Seasonal growth curve fitted for Olivancillaria vesica on a sandy beach in Rio de Janeiro
State (SE Brazil). ELEFAN I routine
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Fig. 6.4 Growth parameters estimation through modal progression analysis (MPA). First (a) nor-
mal distributions of length frequency data are separated using Bhattacharya’s method (FiSAT II).
Then, (b) modes perceived to belong to the same cohorts are linked to building an age-length key
which is (¢) used to estimate growth by adopting a theoretical growth function (such as VBGF).
Numbers above each normal distribution correspond to different cohorts (the cohort 1 (older) was
not identified in April 2007). The mean size of each cohort is provided in the analyses and used in
step 2 of the Modal Progression Analysis

Along the Brazilian coast, only Fontoura-da-Silva et al. (2016) used mark-
recapture methods to estimate the growth parameters of sandy beach populations.
They assessed the growth of the sea snail Agathistoma viridulum over 2 years in the
state of Rio de Janeiro and found significant differences between this method and
LFED analysis in the first year, likely due to the low number of recaptured individu-
als. Yet, both methods estimated similar parameters during the second year, when a
large number of individuals were recaptured and the sample size was adequate.

6.2.4 Biomass

Biomass, frequently denominated as the standing crop, is a measurement of how
much living tissue mass of a population is present at one instant in time (or averaged
over several periods) per unit area (e.g., g/m?). Since the mass of sandy beach spe-
cies may vary significantly depending on the amount of water in their body and/or
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the inclusion of inorganic parts such as shells and exoskeleton, the biomass of sandy
beach populations is generally expressed in ash-free dry mass (AFDM). This is
achieved by first drying individuals at a moderate temperature (~60 °C) until they
reach a constant weight (dry mass). Then, these individuals are ignited in a muffle
furnace (~500 °C for 5 h) to estimate the ash (inorganic) content. Finally, the AFDM
is obtained by the difference between the dry mass and the ash content.

To correctly estimate the biomass of a sandy beach population, it is necessary to
obtain the average mass of all size classes. Then each value is multiplied by the
number of individuals in the corresponding size class and added together to obtain
the biomass of the population. Mathematically, this is expressed as

B=3N,M,Ar,

where N, is the average number (or density) of individuals in size class i, M, is the
average body mass of size class i, and At is the period evaluated.

6.2.5 Secondary Production

Secondary production is generally defined as the formation of heterotrophic bio-
mass through time, which is potentially available as food for the next trophic level
(Waters 1977). It integrates measures of abundance/density and individual growth
and can be viewed as a measure of the fitness of the population (Dolbeth et al.
2012). For a single animal, secondary production represents the formation of bio-
mass through its growth (mass/ind/time). When scaled to the population level, sec-
ondary production expresses the amount of biomass produced per unit of area over
time (e.g., g/m*/year) (Benke and Huryn 2017).

In Brazil, most studies used the mass-specific growth rate method (MSGRM) to
estimate the secondary production of sandy beach populations (Petracco et al.
2012). This method is usually based on the von Bertalanffy growth function (VBGF
see Sect. 6.2.3) and is adequate for populations with continuous recruitment and/or
whose cohorts cannot be distinguished — a pattern commonly found for Brazilian
sandy beach species (Table 6.1). In the MSGR method, a length-frequency distribu-
tion is estimated from samples taken at intervals over time (e.g., Fig. 6.2), and the
production is obtained from the mass-size relationship according to the equation:

P =3IN,M,GAL,

where N, M;, and G; are, respectively, the mean annual density (e.g., ind/m?), the
mean individual body mass (e.g., ¢ AFDM/m?), and the mass-specific growth rate in
class i. At; is the period evaluated (generally years, but it can be expressed in other
time units) (Crisp 1984; Brey 2001). G; is determined by:

o)
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where b is the exponent (b) of the power mass-size (length) relationship (M = al?),
K, L., are VBGF parameters, and L, is the mean size in class i.

Despite its importance for the ecological assessment of population and ecosys-
tem status, the number of studies evaluating general patterns of secondary produc-
tion in Brazilian sandy beaches is still very incipient (Petracco et al. 2017, 2019).
Almost all studies on the secondary production of sandy beach fauna have been
published since the beginning of this century, and the number of species investi-
gated is considerably low (Table 6.1).

All species investigated in secondary production studies along the Brazilian
coast belong to the four main macrobenthic groups: mollusks (11 species; 6 bivalves
and five gastropods), crustaceans (6 species; 3 decapods, 2 isopods, and 1 amphi-
pod), annelids (5 species), and echinoderms (1 species). As observed worldwide,
bivalves are the group with more populations studied, probably because they are
frequently harvested and used as food or income sources (Petracco et al. 2013). In
Brazil, we can find information on the secondary production of the clams Donax
hanleyanus, Anomalocardia brasiliana, Diplodonta punctata, Eurytellina lineata,
Tivela mactroides, and Mesodesma mactroides. Among gastropods, we have esti-
mates for the species Hastula cinerea, Olivella minuta, Olivancillaria vesica,
Nassarius vibex, and Cerithium atratum.

Although crustaceans are the most investigated group on Brazilian sandy
beaches, secondary production estimates are available for only a few species, such
as the cirolanid isopods Excirolana braziliensis and E. armata, the talititrid
Pseudorchestoidea (Atlantorchestoidea) brasiliensis, the mole crab Emerita brasil-
iensis (with estimates mainly from Rio de Janeiro), and the thalassinid decapod
Callichirus major, which has been studied in beaches from the states of Rio de
Janeiro, Sdo Paulo, and Parana.

6.2.6 Turnover Rate (P/B Ratio)

The turnover rate, also known as the production-to-biomass ratio (P/B ratio) or pro-
ductivity rate, is a measure of the amount of new biomass produced by the current
standing crop of the population. It can be understood as a weighted mean value of
biomass growth rates of all individuals in the population and, therefore, is a power-
ful parameter that describes the dynamic relationship between individual growth,
biomass, and production (Benke and Huryn 2010). The turnover rate is related to the
instantaneous mortality rate (Z) (Sect. 6.2.8) and other relevant life-history traits
such as body mass and, particularly, life span (Cusson and Bourget 2005; Petracco
et al. 2013). Usually, the smaller the body mass and the shorter the lifespan of the
population, the higher the turnover rate.
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6.2.7 Longevity (Life Expectancy)

Longevity is defined as the maximum age range that the population reaches.
Estimation of the longevity of sandy beach populations can be performed using the
inverse of VBGF, assuming a maximum shell length of 99% of the asymptotic
length (Sparre and Venema 1992)

_ [Inln Loy, — (L, —Ly,) |

tmax k

Nevertheless, there are different methods used to estimate the longevity of sandy
beach populations, such as (1) age at observed maximum length (Cardoso and
Veloso 1996), (2) the relation L/L,, equal to 0.95 (L, are 95% of the L,,), and (3) L,
as the length representing 99% of the population (L99%) (Cardoso and Veloso 1996).

Studies to estimate the longevity of the Brazilian sandy beach macrofauna were
performed in most of these ways. For example, Cardoso and Veloso (2003) esti-
mated life span based on the L.95%; Petracco et al. (2010) used the length represent-
ing the 99th percentile of the population (L99%); whereas Cardoso and Cabrini
(2016) applied an inverse von Bertalanffy growth equation considering the observed
maximum length.

6.2.8 Mortality

The mortality rate is equivalent to the number of individuals removed from the
population by death for a unit of time in relation to population size. It regulates the
size and structure of a population and is usually related to the monotonous decrease
in the number of individuals in an age class with time, a process caused by preda-
tion, parasitism, and diseases (Brey 2001).

As observed for longevity, there are several methods used to estimate the mortal-
ity rate of sandy beach species, most of them implemented in the FISAT II software
(Gayanilo et al. 2005). Total mortality (Z) of sandy beach populations is usually
estimated from the slope of the descending straight segment of age-structured catch
curves as:

log, (N,)=a+bt,

where N is the number of individuals of age 7, a and b are estimated through regres-

sion analysis, and b, with the sign changed, is an estimate of Z (Pauly et al. 1995).
When no information regarding the age of individuals is available, the total mor-

tality (Z) can be obtained from length-converted catch curves following the equation:
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ln(ﬂ] =a+bt,
t.

where N, a, and b are estimated as above, and ¢, is the time needed for the individual
of a given length class i to grow to the next class. #; can be estimated as:

k L, -L,
where L1; and L2; are the lower and upper limits, respectively, of length class i
(Pauly et al. 1995).
Mortality estimations can also describe the actual loss of specimens due to mor-
tality at a certain time ¢, a parameter known as the instantaneous mortality rate. This

parameter is obtained from the Malthusian (i.e., exponential) model of population
growth, but with signs changed (Brey 2001):

N
—Inln| —-
Z= N,
B t
where N, is the number of individuals at time ¢ and N, is the initial number of
individuals.

Finally, it is possible to obtain estimates of the number of individuals that die
during a year, the annual mortality rates (A), through the formula:

A=1-¢*

where Z corresponds to the instantaneous mortality rate of the population
(Ricker 1977).

Since mortality is usually linked to the transference of energy from one trophic
level to the next (i.e., prey-predator), it is related to the turnover rates of a popula-
tion (P/B ratio, Sect. 6.2.6). Allen (1971) and Brey (1999) showed that the mortality
rate Z is linearly related to the P/B ratio of the population provided that (i) the popu-
lation is in a steady state, (ii) growth can be described by the von Bertalanffy growth
model (VBGF), and (iii) mortality can be described by the single negative exponen-
tial mortality model which assumes that the instantaneous rate of mortality Z is
constant over the whole lifespan of the cohort (i.e., the number of deaths in a small
interval of time is proportional to the number of animals present at that time) and is
estimated as:

N, =N, *e*"

13
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Several studies were performed on Brazilian sandy beaches to assess the mortality
rate of macrofauna and used different methods. For instance, in Rio de Janeiro,
Southeast Brazil, Mattos, and Cardoso (2012) estimated the annual finite mortality
rates (A) for the bivalves Anomalocardia brasiliana and Diplodonta punctata
(0.96 year~! and 0.97 year~!, respectively), whereas Caetano et al. (2003) evaluated
the instantaneous mortality (Z) of Olivancillaria vesica over 2 years (3.12 year~! in
the first year and 2.56 year~! in the second year).

6.2.9 Reproductive Cycle

The reproductive strategies of a species play a major role in its population dynamics
and perpetuity. Knowledge of the reproductive cycles is fundamental to determining
population parameters such as reproductive output and timing of spawning, starting
points to better understand the recruitment and growth patterns of populations
(Corte 2015). Additionally, studies of reproductive cycles support strategies of
closed fishing seasons over the year during reproductive activity peaks (Denadai
et al. 2015) and are an essential tool for the correct management of harvesting prac-
tices and development of mariculture of exploited species (Morsan and Kroeck 2005).

The reproductive cycle of marine invertebrates includes the entire chain of events
from the proliferation and differentiation of germ cells (gametogenesis) to spawn-
ing and subsequent recession and/or recovery of the gonad. Its duration varies
among species and populations and may be limited to days or weeks or even lasts
the entire year (continuous reproduction) (MacCord and Amaral 2007; Corte
et al. 2014).

The production of gametes, especially eggs, is energetically expensive and
strongly influenced by endogenous characteristics (i.e., genetic and physiological
features), environmental variables (e.g., food availability, temperature, and salin-
ity), and biological interactions (e.g., parasitism) (Corte 2015; Llodra 2002).
Therefore, differences in reproductive cycles can be found even between closely
located populations.

Because of the variety of reproductive strategies and morphological forms of
sandy beach macrofauna, a wide range of methodologies has been developed to
characterize their reproduction. For example, the analyses of the reproductive cycle
of polychaetes, mollusks, and echinoderms from Brazilian sandy shores usually
demand time-consuming histological analysis of their gonads (e.g., Tavares and
Borzone 2006; MacCord and Amaral 2007; Yokoyama and Amaral 2011; Corte
et al. 2014; Farias and Rocha-Barreira 2017) (Fig. 6.5). On the other hand, many
species of crustaceans can have their reproductive cycle more easily assessed as
they carry larger eggs that can be detached from their bodies (e.g., Fonseca et al.
2000; Pennafirme and Soares-Gomes 2022) (Fig. 6.6).
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Fig. 6.5 Histological analyses of the gametogenesis in females of Anomalocardia brasiliana (flex-
uosa): (a) gametogenesis stage, (b) mature, (¢) spawning, and (d) spent/recovering

Fig. 6.6 Atlanto-
rchestoidea brasiliensis:
(a) male, (b) female, and
(c) ovigerous female. Scale
bar: 5 mm. (Reprinted
from Pennafirme and
Soares-Gomes (2022)).
Population dynamics and
reproductive biology of the
sandhopper
Atlantorchestoidea
brasiliensis (Amphipoda:
Talitridae) on a sandy
beach in the Southwestern
Atlantic Coast. (Licensed
by Taylor & Francis and
Copyright Clearance
Center)
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6.2.10 Fecundity and Mean Length at Sexual Maturity (Ls,)

Fecundity is defined as the potential number of offspring produced by a female in a
determined time (Llodra 2002) and is generally measured as the number of eggs in
sandy beach individuals. When considering the whole population, fecundity can be
understood as its reproductive potential. This reproductive output is highly plastic in
marine invertebrates and is influenced by the bioenergetics and life-history strategy
of the organism (Llodra 2002). Since the production of eggs requires large amounts
of energy, there are important relationships and trade-offs between fecundity and
other population attributes, such as growth, production, and sexual maturity
(Llodra 2002).

The relationship between the total length and fecundity of ovigerous females in
sandy beach populations is generally expressed by the potential function F = a * L?,
where F'is the number of eggs/embryos by ovigerous females, L is the total length,
and a and b are constants. The mean length at first reproduction, or mean length at
sexual maturity (Ls,), may be defined as the length at which 50% of all individuals
are sexually mature (e.g., as the length at which 50% of all females in a stock of
crustaceans are ovigerous or the length at which 50% of all female mollusks have
gonads in an advanced stage of development).

Petracco et al. (2010) analyzed the reproductive biology of the cirolanid isopod
Excirolana armata on an exposed sandy beach in Southeastern Brazil and recorded
that the length-fecundity relationship did not differ significantly between years. The
individual fecundity ranged from 2 to 18, with a mean (£SD) value of 10 = 3.12
eggs/embryos per female. The mean length at sexual maturity (Ls,) was 4.66 mm.

6.3 Studies on Brazilian Sandy Beaches

Most likely, studies on the population biology of species inhabiting Brazilian sandy
beaches began in the 1970s, with Walter Narchi’s investigation of the gametogenic
cycle of the clam Anomalocardia brasiliana (flexuosa) on the coast of Sao Paulo
(Narchi 1976) as one of the first published records. However, it was only in the
1990s that the number of publications on this topic increased consistently (Fig. 6.7).

Sandy beach populations have been investigated in the four Brazilian coastal
geographical regions; however, the number of publications from each region is very
unbalanced. Most studies were performed in the southeast region, mainly in the Rio
de Janeiro and Sao Paulo states, where the number of experts on the topic is higher
(Table 6.1). On the other hand, a very limited number of studies assessed the popu-
lation biology of species from the North region of Brazil.

Approximately 40 species had their population parameters studied on Brazilian
sandy beaches (Table 6.1). Crustacea is the most investigated group, followed by
mollusks, annelids, and echinoderms. The crabs Ocypode quadrata, Emerita brasil-
iensis, and the clam Anomalocardia brasiliana (flexuosa) are the species with the
higher number of publications on population biology parameters, tailed by the ghost
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Fig. 6.7 Number of studies carried out on population biology of Brazilian sandy beach species.
Only studies listed on the ISI Web of Science® were considered. Keywords: “beach*” AND
“Brazil*” AND (“population dynamic*” OR “population biology”). (The search was performed on
08 August, 2022)

shrimp Callichirus major, the gastropod Olivella minuta, and the isopod Excirolana
braziliensis. Among annelids, species belonging to the genus Scolelepis are the
most studied. Only three species of echinoderms (i.e., Ophionereis reticulata,
Lytechinus variegatus, and Mellita quinquiesperforata) had their population param-
eters investigated along the Brazilian coast. In the next pages, we discuss the popu-
lation biology of the most studied species on Brazilian sandy shores.

6.3.1 Ocypode quadrata

Ghost crabs of the genus Ocypode are one of the most conspicuous organisms on
sandy beaches around the globe (Pombo et al. 2017). In Brazil, the ghost crab
Ocypode quadrata (Fig. 6.8), popularly known as “Maria-farinha,” can be found
along the whole coast, mainly in the supralittoral and upper intertidal zones of sandy
beaches (Turra et al. 2005; Rosa and Borzone 2008). Ocypode quadrata is strongly
affected by coastal urbanization (Blankensteyn 2006; Magalhaes et al. 2009; Neves
and Bemvenuti 2006) and is considered an efficient indicator of human impacts on
sandy beaches (Barboza et al. 2021; Costa and Zalmon 2019). Due to its wide dis-
tribution, easy detection (most studies estimate population parameters of O. quadrata
through burrows measurements), and use as a biological indicator, the population
biology of O. quadrata has been investigated along the whole coast of Brazil.
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In the North region, Souza et al. (2021) provided the first assessment of
O. quadrata population parameters on the Amazon coast. By conducting monthly
sampling throughout 1 year, they found that O. quadrata is strongly influenced by
the two hydrological seasons on the Amazon coast, with higher abundance values
during the rainy season. Also, burrows were deeper under drier conditions, suggest-
ing that the spatial distribution of O. quadrata is influenced by sediment moisture.
Growth parameters in the Amazon coast (L., = 53.36 mm, K = 0.76) were similar to
those found in Southeast Brazil (e.g., de Oliveira et al. 2016; Pombo and Turra
2017), indicating that local environmental characteristics may be more important on
the population biology of O. quadrata than latitudinal effects.

In Northeast Brazil, Souza et al. (2008) examined the abundance, distribution,
and morphometry of O. quadrata burrows on 12 sandy beaches with different
degrees of anthropic impact in the Pernambuco state. The authors reinforced the
bioindicator potential of O. quadrata, given that higher densities of burrows were
recorded at non-urban beaches. Moreover, burrow diameter increased landward and
was positively correlated with organic matter content. The potential of O. quadrata
as an indicator of human action impacts on northeastern Brazilian beaches was also
demonstrated by Magalhaes et al. (2009), who reported a lower number of burrows
on urban beaches on the coast of Bahia state.

The population biology of O. quadrata was also studied in all three coastal states
of the Southeast region: Espirito Santo, Rio de Janeiro, and Sao Paulo. Araujo et al.
(2008) examined the density and spatial distribution of O. quadrata on three sandy
beaches of Espirito Santo and found a greater abundance of small burrows near the
waterline, whereas larger burrows were mostly registered on the upper beach. As
observed in the Northeast region, human activities such as the number of people and
the traffic of vehicles negatively influenced the density and spatial distribution of
O. quadrata in Espirito Santo.

In Rio de Janeiro, Maia-Carneiro et al. (2013) evaluated the spatial distribution
of O. quadrata in an insular environment (Ilha Grande) and found that larger bur-
rows were located near the vegetation while smaller-sized crabs occupied areas near
the sea. According to the authors, this contrasting distribution is likely related to
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intraspecific competition, with larger-sized individuals excluding smaller ones from
areas more protected against tides and flooding and with higher availability of food
resources. Lower capacity of excavation in small individuals, which would need to
stay close to the water to avoid the risk of desiccation due to their high surface/
volume ratio, was also suggested as a reason for the differences in the spatial distri-
bution of small and large individuals. In Guanabara Bay, close to the city of Rio de
Janeiro, Oliveira et al. (2016) registered higher burrow density and an overall higher
number of adults than juveniles in the dry season (winter and autumn). Maximum
size and growth rate were estimated as L., = 58 mm and K = 0.730, respectively. On
the North coast of Rio de Janeiro state, Costa and Zalmon (2019) sampled six
beaches with different degrees of urbanization during high and low tourism seasons
and found that burrow density and size of O. quadrata were mainly related to urban-
ization and temperature. Furthermore, the number of nocturnal foraging individuals
was a relevant metric for beach impact evaluation.

On the north coast of Sao Paulo state, Negreiros-Fransozo et al. (2002) studied
the reproductive cycle and recruitment of O. quadrata and found reduced reproduc-
tion during winter. Recruitment of young individuals, however, was detected
throughout the year (although higher during summer). Turra et al. (2005) assessed
the spatial distribution of O. quadrata in five low-energy tide-dominated sandy
beaches and registered larger burrows toward the upper zones of the beaches. Lower
values of density were found in areas with very fine sand and most used by beachgo-
ers. Pombo and Turra (2013) estimated the burrow occupation rate by ghost crabs
on nine beaches and found that all burrows less than 10 cm deep were unoccupied,
illustrating the possible degree of the unreliability of abundance estimates based on
indirect measures. Pombo and Turra (2017) sampled three populations of O. quadrata
on sandy beaches with contrasting morphodynamics (dissipative, intermediate, and
reflective) and found that maximum size (L) and the growth rate increased from
dissipative to reflective conditions. Pombo et al. (2018) assessed the activity of
O. quadrata over daily cycles and registered peaks of activity during both day and
night, mostly influenced by tidal rhythms, while Gomes et al. (2019) analyzed the
natural diet of O. quadrata and found a large number of food items in their stomach,
confirming the generalist behavior of this species. Still, on the North coast of Sdo
Paulo, Pombo and Turra (2017) sampled nine pristine areas with distinct morphody-
namics and wave exposure during 1 year and found that crab density and mean size
were higher in sites with smaller grain sizes and steeper slopes. Moreover, they
found that larger crabs were more present on upper zones of the beaches and that
storms were an important factor in regulating ghost crab populations, causing indi-
viduals to contract their distribution landward and increasing the burrow occupation
rate. The response of O. quadrata to storms was also studied on the central coast of
Sdo Paulo by Oliveira and Yokoyama (2021), which reported lower density and
distribution of burrows after storms.

In South Brazil, Rosa and Borzone (2008) examined the spatial distribution of
O. quadrata on 13 sandy beaches of the Paranagud Bay Estuarine Complex, Paran4.
Overall, burrow densities were similar to those observed in oceanic beaches, rang-
ing from 0 to 5.7 burrows/m?. Yet, no burrow was recorded on the four innermost
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beaches, indicating that low salinity may prevent the occurrence of ghost crabs.
Also, they found strong seasonal variability in burrow densities, with lower densi-
ties during the winter. In the Rio Grande do Sul, Neves and Bemvenuti (2006) com-
pared the density and across-shore distribution of ghost crab O. quadrata burrows
at three beaches with different degrees of anthropic impact and found lower density
at beaches with higher anthropic impact. Burrows along the most urbanized beach
were also concentrated in areas protected from traffic.

6.3.2 Emerita brasiliensis

The mole crab Emerita brasiliensis (Fig. 6.9) is commonly found along the Atlantic
coast of South America, from Rio de Janeiro (Brazil) to Uruguay, where it inhabits
the intertidal zone of reflective, intermediate, and dissipative beaches (Defeo and
Cardoso 2002). Emerita brasiliensis, popularly known in Brazil as “tatui” or
“tatuira,” is a filter-feeding species that may reach high values of biomass and pro-
duction, being an important component of the trophic web of sandy beaches ecosys-
tems (Cardoso et al. 2003; Petracco et al. 2003, 2012, 2013).

Studies performed on the Brazilian coast have shown that the population biology
of E. brasiliensis is influenced by beach morphodynamic features and latitudinal
patterns. Cardoso et al. (2003) tested the influence of beach morphodynamics on the
population biology of E. brasiliensis on two sandy beaches with different morpho-
dynamic characteristics (one intermediate and one reflective) on the Rio de Janeiro
coast and found higher mortality and lower recruitment and growth rates in the more
reflective beach. Similarly, Petracco et al. (2017) showed that secondary production
and turnover rates (P/B) of E. brasiliensis are negatively related to grain size (mm)
and positively related to beach width. Furthermore, higher recruitment and growth
rates (K) were found in more dissipative conditions.

Latitudinal variation in population parameters of E. brasiliensis was assessed by
Defeo and Cardoso (2002). By examining the population biology of E. brasiliensis

Fig. 6.9 Emerita e,

brasiliensis. (Photo: ; 5 mm
Claudio Dias Timm.
Source: inaturalist.ca)
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along the entire range of its distribution, they found clear geographical patterns such
as a shift from continuous to seasonal reproduction and recruitment from subtropi-
cal to temperate sandy beaches. Moreover, life span was lower and mortality higher
on more tropical sandy beaches, whereas individual biomass increased from sub-
tropical to temperate beaches.

6.3.3 Anomalocardia Brasiliana (flexuosa)

The venerid clam Anomalocardia brasiliana (Fig. 6.10), also known as “vongole”
or “berbigdo,” occurs along the whole Brazilian coast and inhabits a wide range of
beach morphodynamic states, from intermediate beaches to tidal flats (Chap. 1).
This species lives shallowly burrowed in the intertidal region and has great eco-
nomic importance in Brazil (Corte et al. 2015; Pezzuto et al. 2010). Due to its wide-
spread occurrence and economic importance, studies focusing on the population
biology of A. brasiliana have been conducted in three of the four Brazilian coastal
geographical regions.

On the coast of Rio Grande do Norte, Northeast Brazil, Rodrigues et al. (2013)
found that A. brasiliana may reach densities up to 1800 ind/m? and show continuous
reproduction and recruitment. Similar results were recorded by Rocha-Barreira and
Aratjo (2005), at Ceard, and Luz and Boehs, at Bahia, who also registered a con-
tinuous reproductive cycle in A. brasiliana populations. In Pernambuco, Silva-
Cavalcanti et al. (2018) found more intense recruitment during summer and a lower
density of individuals in the rainy season (0—1170 ind/m* when compared to the
dry season (0-5798 ind/m?).

In Rio de Janeiro, Southeast Brazil, Mattos and Cardoso (2012) compared the
population parameters of A. brasiliana with another suspension-feeding bivalve, the
ungulinid Diplodonta punctata. The authors found that A. brasiliana showed higher
abundance, growth rate, and production, whereas mortality and turnover rates were
higher for D. punctata. Moreover, A. brasiliana was predominantly found on the

Fig. 6.10 Anomalocardia
brasiliana (flexuosa).
(Photo: Alvaro E. Migotto.
Source: cifonauta.cebimar.
usp.br)
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upper levels of the intertidal zone, while D. punctata was restricted to the lower
levels, indicating that the two species show different abilities to exploit resources.
On the north coast of Sdo Paulo, the population biology of A. brasiliana was inves-
tigated by Corte et al. (2015) and Corte et al. (2014, 2015, 2017) on sandy beaches
with different morphodynamics (one intermediate beach and one tidal flat).
Significant differences were recorded between populations and mainly attributed to
beach morphodynamics. The population from the tidal flat reached a higher size
(L) and total biomass; however, recruitment, growth rate (K), production, turnover
rate (P/B), and reproductive effort were higher in the population from the intermedi-
ate beach.

The population biology of A. brasiliana was also investigated in a tidal flat on the
coast of Parand state, South Brazil. Boehs et al. (2008) found higher abundance and
recruitment of A. brasiliana on the higher levels of the flat. The population density
was lower during summer, likely due to higher predation rates and pluviosity.

The comparison of population parameters of A. brasiliana along the Brazilian
coast suggests a latitudinal pattern for its reproductive cycle, with resting stages
occurring only at high-latitude sites (Corte 2015). Nevertheless, other population
parameters, such as abundance, productivity, and growth rate, are likely more influ-
enced by local characteristics, such as sediment type and salinity, than large-scale
geographical patterns.

6.3.4 Callichirus major

The ghost shrimp Callichirus major (Family Callianassidae, Fig. 6.11), popularly
known as “corrupto” in Brazil, is a solitary burrowing shrimp distributed from
North Carolina, USA, to Santa Catarina, southern Brazil (Botter-Carvalho et al.
2007). It is generally found below the mean water level of sheltered and dissipative
sandy beaches, where it builds deep burrows in the sediment.

Callichirus major has great ecological importance in sandy beach ecosystems as
it increases the cycling of organic matter and nutrients through bioturbation and
favors the establishment of other species in its galleries, such as bivalves, poly-
chaetes, and other crustaceans (Souza and Borzone 2003). Along the Brazilian
coast, C. major is commonly used as bait for fishing (Botter-Carvalho et al. 2007),
with its catch being estimated as 10% of the population stock (Souza and
Borzone 2003).

Average densities of C. major along the Brazilian coast range from <0.1 (Rio de
Janeiro: Costa et al. 2022) to >42 burrows/m? (Rio de Janeiro: Simdo and Soares-
Gomes 2017). Seasonal variations in burrow density have been recorded in Northeast
(Rosa et al. 2018) and South Brazil (Souza et al. 1998; Souza and Borzone 2003),
with no clear latitudinal pattern. On the Rio de Janeiro coast, Southeast Brazil,
Costa et al. (2022) sampled 11 beach sites and found higher abundance and body
size in sites with smaller sediment particle size and well-sorted sediments. The body
size of C. major was larger in areas close to major rivers, probably due to greater
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Fig. 6.11 Callichirus major. (Reprinted from Scientia Marina, 83, 2019, “Relative growth, sexual
maturity and handedness in the ghost shrimp Callichirus major (Decapoda: Callianassidae) from
the southwestern Atlantic,” Copyright (c) 2011 Consejo Superior de Investigaciones Cientificas
(CSICQ). Licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0) License.
Scale bar = 1 cm)

trophic subsidies. Similarly, Laurino et al. (2020) recorded a higher burrow abun-
dance of C. major in beaches with very fine sand and low variability of tide ampli-
tude, suggesting that tidal regime and sediment type are stronger drivers of C. major
density than temperature and precipitation variations. Besides environmental char-
acteristics, the intensity of exploitation is also a major factor driving changes in the
abundance of C. major, leading to a decline in the species’ population in many sites
along the Brazilian coast (Moschetto et al. 2020).

While beach morphodynamics features seem to be the main environmental driver
of changes in abundance and size of C. major, variations in temperature and rainfall
appear as important factors controlling its reproductive biology. Studies performed
in the Northeast (e.g., Botter-Carvalho et al. 2007; Alves-Junior et al. 2014; Rosa
et al. 2018), Southeast (Peird et al. 2014; Moschetto et al. 2020), and South (Souza
et al. 1998) regions of Brazil have consistently reported more intense reproductive
periods of C. major (i.e., frequency of ovigerous females) during summer.

6.3.5 Olivella minuta

Olivella minuta (Fig. 6.12) is one of the most abundant sandy beach gastropods
along the western Atlantic, inhabiting the swash zone and subtidal of dissipative and
intermediate beaches from Texas, USA, to Santa Catarina, Southern Brazil (Checon
et al. 2021). This snail remains semi-buried, moving by superficial excavation, and
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Fig. 6.12 Olivella minuta.
(Photo: Alvaro E. Migotto.
Source: cifonauta.cebimar.
usp.br)

feeds on a large variety of food items, including algae, small mollusks, crustaceans,
and polychaetes (Checon et al. 2021; Corte et al. 2019b).

Aratjo and Rocha-Barreira (2012) studied the population biology of O. minuta
for 2 years in Ceard, Northeastern Brazil, and found mean densities of almost 80
ind/m?. Total maximum length (L., &~ 13 mm), growth rate (k = 0.7), longevity (rmax
~ 4 years), and turnover rate (P/B = 1.7) were similar for both years. Growth was
constant over the period, with no significant seasonal oscillation. The population
biology of O. minuta was also assessed over 2 years on two sandy beaches on the
coast of Sdo Paulo, Southeast Brazil, by Petracco et al. (2014). Total maximum
length (L., ~ 11 mm) and longevity (7, < 2 years) were similar at both beaches but
smaller than registered in Ceard by Aradjo and Rocha-Barreira (2012). Conversely,
the growth rate was higher in Sao Paulo (k > 1). The abundance of individuals and
turnover rates differed significantly between the two areas analyzed in Sao Paulo
(Pernambuco Beach: 3295.3 IST and P/B = 1.91; Barequecgaba; 120 IST and
P/B = 1.06), likely due to higher environmental stability at the more sheltered envi-
ronment (Pernambuco beach). The size structure of both populations was also dif-
ferent, with a larger number of young individuals being recorded at Pernambuco
beach throughout the year. Similar results were recorded by Corte et al. (2020), who
also investigated the across-shore distribution of O. minuta on Pernambuco and
Barequegaba beaches. As registered by Petracco et al. (2014), Corte et al. (2020)
found a higher abundance and smaller size of O. minuta individuals in the more
sheltered area. Moreover, by sampling the intertidal and subtidal zones of both
areas, the authors found that individuals were more homogeneously distributed in
the across-shore gradient of Pernambuco beach, with a similar number of individu-
als inhabiting both intertidal and subtidal zones. On the other hand, most O. minuta
individuals from Barequegaba beach were found in the subtidal zone (especially
young ones).

The generalist feeding behavior of O. minuta was demonstrated by Corte et al.
(2019a, b) and Checon et al. (2020), which found >40 food items in its stomach.
Moreover, through field and laboratory experiments, Checon et al. (2020, 2021)
showed that the tidal cycle and light availability affect the feeding activity of
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O. minuta. During conditions of light availability, O. minuta is more active during
low tides (emerged). However, a higher foraging rate was registered when individu-
als were immersed in lightless conditions. According to the authors, enhanced activ-
ity during dark immersed periods is linked to higher food resources brought by the
tide and avoidance of visual predators such as fish and birds.

Despite its wide distribution and high abundance on Brazilian sandy beaches, the
reproductive biology of O. minuta remains largely overlooked. Species belonging to
the genus Olivella usually encase their eggs in dome-shaped capsules and lay their
egg capsules in hard substrates found in sandy beach environments, such as small
stones or fragments of bivalve shells (Aradjo and Rocha-Barreira 2012; Matthews-
Cascon et al. 2011). Recently, however, Corte et al. (2019a, b) reported a massive
event of O. minuta egg-capsule deposition on the shells of living, buried specimens
of the trigonal clam Tivela mactroides, emphasizing the importance of biological
interactions in sandy beach ecosystems.

6.4 Research Gaps and Avenues for Future Studies

Brazilian sandy beaches host a large number of species that play a key role in eco-
system functioning and the support of human populations. Despite the increasing
number of studies investigating the population biology of species inhabiting
Brazilian sandy shores (Fig. 6.7), the available information on this topic is still lim-
ited and precludes the correct understanding of Brazilian beach biodiversity. For
example, we gathered data on population attributes of less than 40 species inhabit-
ing the Brazilian coast; however, Corte et al. (2022) registered more than 170 mac-
robenthic species on only 30 sandy beaches of the North coast of Sao Paulo.
Moreover, of the approximately 120 studies compiled in Table 6.1, 64 (53%) are
about crustaceans’ species, while only nine studies (7%) investigate the population
biology of annelids, the taxa with the larger number of species in sandy beach eco-
systems (Chap. 4). Given the large number and variety of beaches resulting from the
large latitudinal extent and the influence of various tidal and climatic patterns along
the Brazilian coast (Chap. 1), it is reasonable to infer that only a small fraction of
the populations inhabiting the Brazilian sandy shores have been studied. This
reduced amount of information gets even smaller when we consider that most stud-
ies focused on the population biology of macrobenthic invertebrates. Information
on population parameters of important ecological and economic groups such as
meiofaunal organisms (Chap. 3) and vertebrates (Chap. 5) is absent for almost all
species.

While an increasing number of studies have been assessing how anthropic
impacts such as vehicle traffic and tourism affects the abundance of Brazilian sandy
beach populations (mostly crustaceans), the number of investigations on the repro-
ductive biology and secondary production of Brazilian species is still low. Since this
knowledge is essential to support the correct management of harvesting practices
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and the development of mariculture of exploited species, future studies must inves-
tigate these parameters in a larger pool of species and beach environments.

Studies on population biology have been conducted on sandy beaches in the four
coastal geographical regions of Brazil; however, the number of publications relating
to each of the regions is very unbalanced. The vast majority of studies were con-
ducted in the southeastern and southern regions, while very few investigations were
carried out in the northern region. When compared to the other coastal regions of
Brazil, performing research on sandy beaches of the northern coast is considerably
more challenging due to their difficult accessibility (most beaches are accessed only
by boat), high intertidal amplitude — which results in beaches with extremely wide
intertidal zones (often >500 m), and relatively lower number of universities and
research centers. Nevertheless, the northern region presents environmental charac-
teristics that differentiate it from the rest of the country, such as the influence of a
macrotidal regime, a low degree of human influence on sandy beaches, and the mas-
sive fluvial discharge of freshwater from the Amazon River plume. This environ-
mental uniqueness of the northern Brazilian coast highlights the need for ecological
investigations on the population of local sandy beaches, a need further intensified by
the high erosive rates which threaten the northern beaches of Brazil (~65% of its
coastline retreating — the higher rate along the whole Brazilian coast).

A better comprehension of the population biology of a large number of species
and in a wider latitudinal range is important to better know the dynamics of Brazilian
sandy beaches biodiversity and support the management of harvesting practices. It
is also very important to assess the potential effects of climate change. With global
temperatures rising, a poleward shift in the distribution of many organisms is
expected and indeed being observed already (Defeo et al. 2021). For example, these
climate-related stressors have already caused mass mortalities events and shifts in
the distribution of sandy beach species in South Brazil, such as the yellow clam
Mesodesma mactroides (Defeo et al. 2021), and are likely to affect other species
along the Brazilian coast. Hindering this situation, the temperature of the south-
western Atlantic Ocean is rising at several times the average global rate, shifting the
tropical Brazilian Current poleward and increasing the speed and frequency of
onshore winds and storm surges (Franco et al. 2020; Gianelli et al. 2021).

Recent investigations suggest that coastal biodiversity is reorganizing under the
influence of climate and anthropic-driven pressures. However, the lack of long-term
data precludes the assessment of changes in the population parameters of Brazilian
sandy beaches. All population studies on Brazilian beaches had a duration of 3 years
or less (most with 1 year), highlighting the sparse temporal replication of studies
conducted on Brazilian beaches. Long-term data series are therefore necessary to
understand the breadth of the potential climate- and anthropic-driven changes in
Brazilian sandy beach populations. Moreover, important processes related to sandy
beach populations, such as recruitment, zonation, and intra- and inter-specific inter-
actions, may change at intervals of years or decades, and only from long-term moni-
toring can we better understand them (Turra et al. 2013; Amaral et al. 2016).

Besides expanding the latitudinal and temporal reach of studies conducted on
Brazilian sandy shores, future population studies should also attempt to sample
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different zones in the across-shore gradient. Most population studies done on
Brazilian sandy beaches have concentrated their sampling on the upper zones (i.e.,
supralittoral and intertidal), while the sublittoral is often overlooked. Recent inves-
tigations, however, have shown that young individuals of “intertidal species,” such
as the clam Tivela mactroides and the sea snail Olivella minuta, may be more pres-
ent in the subtidal (Turra et al. 2014; Corte et al. 2019a). By restricting population
assessments to only one zone of the beach ecosystem, measurements of abundance
and size structure of sandy beach populations are likely to be biased, thereby com-
promising the correct estimation of recruitment, growth, and production rates.

Finally, the use of recent technologies can be a valuable addition to better char-
acterize and understand the dynamics of sandy beach populations. Recently, Shah
Esmaeili et al. (2021) used surf zone Baited Remote Underwater Video Stations
(surf-BRUVS) to sample the biodiversity of shallow surf zone fish communities, a
poorly investigated component of Brazilian biodiversity. Molecular techniques,
such as environmental DNA (eDNA) and analysis of mitochondrial genes, may also
help us better understand the connectivity among sandy beach populations and
unveil their phylogeographical patterns (e.g., Mattos et al. 2019).

6.5 Final Remarks

Population biology can be viewed as a record of major events relating to its growth,
reproduction, and survival. Understanding how and why these parameters change
over time is of utmost importance to preserve the functioning of natural ecosystems
and manage the stocks of commercially exploited species. Over the past few
decades, Brazilian researchers have published a significant amount of information
on population attributes of local sandy beach species; however, most of this knowl-
edge is limited to a small number of species. There is also a significant time and
geographical constraint, with most studies performed for 1 year or less in the
Southeast and South region of Brazil. On the other hand, populations inhabiting the
unique sandy beaches of the North region remain largely unexplored. Since life
histories vary tremendously from one species to the next and are strongly influenced
by environmental features, future studies should investigate a large set of species on
different regions of the Brazilian coast. Furthermore, it is also essential to establish
long-term monitoring studies so that variations in population parameters of Brazilian
sandy beaches related to anthropic actions and climate change can be perceived and
predicted. Only through a more comprehensive effort along the country’s coast can
we better understand the natural dynamic of Brazilian sandy beach populations and
manage the stock of ecological and economically important species.
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Chapter 7
Biological Interactions

Cristina de Almeida Rocha-Barreira and José Souto Rosa-Filho

7.1 Introduction

Understanding the contribution of biological interactions to the regulation of natural
communities is a key goal in ecology (Connell and Orias 1964; Hall and Kingsford
2016). In some ecosystems, pressures imposed by physical and chemical factors
make it difficult to recognize the role of biological processes in structuring com-
munities. In sandy beaches, for example, the interaction among tides, waves, and
sediment size (Defeo and McLachlan 2013) shapes the morphodynamics of these
ecosystems, whose effect on the fauna can overlap those of biological interactions.

Sandy beaches are dominant ecosystems on the continental shores of the world
and provide habitats for well-adapted and diversified fauna (McLachlan and Defeo
2018). These environments largely lack biogenic structures and are extremely
dynamic in space and time. Sandy beach fauna exhibits specific responses to the
physical characteristics of the environment, thereby supporting the general validity
of the autoecological hypothesis (McLachlan and Defeo 2018). This hypothesis
states that biological communities are structured solely by the independent responses
of individual species to environmental features.

Although sandy beaches are mostly physically controlled, biological interactions
may play an important role in their biodiversity (Defeo et al. 2009; Corte et al.
2022). The intensity of biological interactions increases with decreasing environ-
mental stress; therefore, these processes are more important toward dissipative
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beaches (Chap. 1), where conditions are relatively benign, densities of individuals
are high, and resources could be limited (Defeo et al. 2003; McLachlan and Dorvlo
2005). Yet, even under stressful conditions, the species inhabiting sandy beaches
can establish inter and intraspecific relationships. The importance of biological
interactions in structuring macrofaunal communities, however, is extremely diffi-
cult to identify on sandy shores, since conducting field manipulative experiments in
these naturally dynamic environments is very difficult.

This chapter addresses the role of biological interactions on the biodiversity of
Brazilian sandy beaches, mainly in the intertidal zone, considering their effects on
trophic relationships, richness, density, and distribution of the main species. We first
examine biological interactions between living organisms such as competition, pre-
dation, and parasitism. Then we focus on trophic interactions commonly observed
in sandy beach ecosystems.

7.2 Biological Interactions

Classically, it is assumed that species coexist in a community and establish numer-
ous relationships, whose limits are not always easy to be established (Dajoz 2005).
On sandy beaches, the intensity of biological interactions is inversely related to
wave action. Thus, the influence of these interactions on benthic communities of
exposed sandy beaches is generally considered negligible (Dugan et al. 2004). On
the other hand, on sandy beaches where benthic communities are abundant and
strongly aggregated, such as dissipative/sheltered beaches, the potential of biologi-
cal interactions to control biodiversity distribution can be significant.

Although there are few studies characterizing and evaluating biological interac-
tions on Brazilian sandy shores, some aspects are worth mentioning. Thus far, stud-
ies have pointed out that predation and interspecific and intraspecific competition
are the main biological interactions modulating the structure and dynamics of ben-
thic infaunal communities on sandy beaches (McLachlan and Jaramillo 1995).
Nevertheless, other interactions, such as parasitism, may also influence the popula-
tion dynamics of sandy beach fauna.

7.2.1 Competition

Competition is an interaction between individuals, brought about by a shared
requirement for a resource, which may lead to a reduction in population parameters
such as survival, growth, and/or reproduction of at least one of the competitors
(Begon et al. 2006). Not always competing individuals interact with one another
directly. Instead, individuals may be affected by changes in the amount of a resource,
which can be made unavailable due to the presence and activity of other individuals
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(competition by interference) or be reduced due to consumption by other individu-
als or species (competition by exploitation) (Levine 1976).

The typical high hydrodynamic of sandy beaches makes them environments with
characteristically low in situ primary production. As a consequence, sandy beach
food webs are supported primarily by allochthonous supply from adjacent coastal
habitats (see Michaud et al. 2019). The low productivity or the erratic and irregular
supply of resources may turn food a limiting factor during some periods (e.g., dur-
ing low spring tides), which may enhance competition (interspecific and/or intra-
specific). This competition may be especially important in the upper zones of sandy
beaches, where the accumulation of stranded macroalgae and other organic debris
is even more unpredictable (Duarte et al. 2010).

These potential intra- and interspecific interactions can play an important role in
structuring sandy beach populations and communities (Defeo et al. 1997). Cardoso
(2002) studied the behavior and surface activity of the talitrid Atlantorchestoidea (=
Pseudorchestoidea) brasiliensis on a beach in southeastern Brazil and recorded that
while adults had nocturnal activity, most juveniles were active at sunset and sunrise.
This behavior was influenced by environmental factors, such as temperature and
humidity, and competition for food, given that both adults and juveniles feed on the
same food source.

The cirolanid isopods Excirolana armata and Excirolana braziliensis have a
wide geographical distribution along the coast of America and coexist along the
Atlantic coast of South America (Dexter 1977; Castro and Brum 1969; Queiroz and
Rocha-Barreira 2019). In Uruguay, Defeo et al. (1997) observed that E. armata only
occurred on beaches with fine sands, whereas E. braziliensis was present on both
fine and coarse sand beaches, with the highest densities in the latter. When occur-
ring in sympatry on fine sands, both species showed maximum densities at different
tidal zones, with E. braziliensis restricted to the upper reaches of the beach. This
co-occurrence of both isopods scavengers at the intertidal zone demonstrates that
partitioning the available space may be a way of reducing or avoiding potential
competition of the carrion.

On dissipative sandy beaches, characterized by gentle slopes and fine sands, such
as those between southeastern Brazil and northern Argentina, intertidal filter feeders
species can compete for food when dense patches are established. Some studies
have observed negative correlations between the density and growth rate of species
due to competition (Petracco et al. 2012). The mole crab Emerita brasiliensis and
the bivalves Donax hanleyanus and Amarilladesma mactroides occur at similar
sandy beach zones and depths in the sediment, thus an intense competitive interac-
tion for food and space can occur (Penchaszadeh and Olivier 1975; Defeo et al.
1986). After mass mortalities that sequentially occurred southward between 1993
(southern Brazil) and 2002 (Argentina), and Defeo (2003) recorded that the yellow
clam A. mactroides was replaced by their competitors (i.e., Emerita brasiliensis and
Donax hanleyanus). Recently, competition for space has also been observed between
A. mactroides and the pea crab Austinixa patagoniensis, a symbiotic crab that lives
in the burrows of the ghost shrimp Sergio mirim in southern Brazil (Carcedo et al.
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2019). The high densities of A. mactroides reduce the area for establishment and
maintenance of the ghost shrimp burrows, and this process indirectly harms the
foraging behavior of the pea crab that feeds on suspended material in the proximity
of these burrows.

7.2.2 Predation

Predation is the consumption of one organism by another, in which the prey is alive
when attacked (Begon et al. 2006). The importance of these biological interactions
has been highlighted in different coastal marine ecosystems such as rocky shores
(Connell 1972; Coutinho et al. 2016), seagrass meadows (Siebert and Branch 2007,
Copertino et al. 2016), seaweed beds (O'Brien et al. 2018), and coral reefs (Hall and
Kingsford 2016). However, the regulation of prey populations by predators has not
been well demonstrated in sandy beach ecosystems due to the physical harshness of
these environments, which makes it extremely difficult to evaluate the role of preda-
tion through both observational and experimental investigations. Nevertheless, a
few studies have shown that predation influence may vary with beach exposure,
prey productivity, and environmental stress (McLachlan and Defeo 2018).

Three main groups of predators are present on sandy beaches: birds, arachnids,
and insects from land, fishes from the sea, and resident invertebrates, notably crabs,
gastropods, asteroids, and polychaetes (Pinotti et al. 2014; McLachlan and Defeo
2018). Gastropods are among the most important sandy beach predators. They usu-
ally inhabit the surf zone and shallow infralittoral of sandy beaches and make incur-
sions into the washing zone and lower intertidal to prey upon suspension feeders
during high tide. The lateral expansions of the mesopodium (the middle portion of
the foot) extend and make wave movements making the animal slide over the water
following the movements of the waves rising and falling (Gianuca 1983, 1985,
1991). Rocha-Barreira (2002) studied the feeding behavior of Olivancillaria vesica
auricularia (Fig. 7.1a) on Cassino Beach (state of Rio Grande do Sul, Southern
Brazil) and found that it feeds upon the bivalves Donax hanleyanus and
Amarilladesma mactroides and the mole crab Emerita brasiliensis, the latter being
the most predated, especially the largest ovigerous females (Rocha-Barreira 2002).
The gastropod Olivella minuta, studied by several authors (e.g., Marcus and Marcus
1959; Arruda et al. 2003; Corte et al. 2019; Checon et al. 2020) on the state of Sao
Paulo beaches, is a nonselective opportunistic species that may prey upon bivalves,
foraminiferans, copepods, amphipods, scaphopods, diatoms, nematodes, and crus-
taceans. Both Olivancillaria and Olivella involve the prey with its foot and produce
thick mucus capable of immobilizing it; in sequence, muscular movements of meta-
podium kill the prey by asphyxia. After the prey’s death, the predator extends its
proboscis and starts to ingest its tissues (Rocha-Barreira 2002).

The gastropod Hastula cinerea surfs expanding the foot as an underwater sail
and migrates up and down the shore with the tides to find food resources. Unlike
olivids, Hastula is a specialized predator that uses its toxoglossan radula, with a
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Fig. 7.1 Examples of carnivores, scavengers, and detritivores: (a): Olivancillaria vesica auricul-
laria, (b): Ocypode quadrata, (¢): Nassarius vibex, and (d): Mellita quinquesperforata. (Photos:
Cristina Rocha Barreira)

modified harpoon-like format, to inoculate poison in the preys (generally poly-
chaetes living in the lower intertidal zone) (Viana et al. 2005).

Naticidae gastropods feed by making holes in the prey shells, using the radula
and secretions produced by the accessory boring organ (ABO) (Hughes 1986). In
the intertidal zone of Brazilian sandy beaches, species of Polinices and Natica have
been mentioned as predators of bivalves and other gastropods (Couto 1996; Rocha-
Barreira et al. 2017; Chagas and Herrmann 2015). Martins (1996) compared labora-
tory experiments and field observations, citing that Natica marochiensis eats 17
different mollusk species on Quitéria beach (state of Ceard coast). This author
observed that the selection of the prey is related to the prey population densities,
with the bivalves Tivela mactroides, Mulinia cleyriana, Strigilla pisiformes, and
Donax striatus being the most predated.

Veloso et al. (2006) reported that the ghost crab Ocypode quadrata has noc-
turnal habits and preys upon sandy beach species such as the bivalve Donax
hanleyanus and the mole crab Emerita brasiliensis on Rio de Janeiro beaches.
This species has a flexible feeding behavior, is a skilled scavenger, and can
withstand starvation for long periods inside the burrow. The analyses of the
stomach contents of O. quadrata in Santa Catarina (Branco et al. 2010) and Sao
Paulo (Gomes et al. 2019) showed insects and other crustaceans as the most
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abundant items (Fig. 7.1b). Cannibalism, especially in juvenile, molting, or dis-
eased individuals, was also observed by the authors.

The swimming crab Arenaeus cribarius lives superficially buried in the internal
surf zone on Brazilian sandy beaches (Gianuca 1985). It has a generalist diet, feed-
ing mainly on other crustaceans and fishes (Pinheiro and Pardal-Souza 2018). On
the coast of Rio Grande do Sul, A. cribarius feeds on the mole crab Emerita brasil-
iensis, juveniles of the bivalves Amarilladesma mactroides, Donax hanleyanus, and
Donax gemmula and also polychaetes and juvenile teleost fishes (Gianuca 1985).
Rocha-Barreira (2003) also reported capsules of the gastropod Olivancillaria vesica
auricularia consumed by A. cribarius.

The polychaetes Sigalion cirrifer, Hemipodia californiensis, and Nephtys simoni
are frequent in the swash/surf-zone interface on sandy beaches, preying actively
upon the meiofauna (e.g., nemerteans, ostracods, and harpacticoid copepods) or
ingesting post-settled recruits of the macrofauna (e.g., bivalves, polychaetes, and
crustaceans), especially during recruitment peaks (Gianuca 1997; Neves et al. 2007).

Besides invertebrates, fishes and birds are important predators on sandy beaches
(Dugan et al. 2003). Predator fishes play an important role in regulating the densi-
ties of intertidal macroinvertebrates and in transferring energy to higher trophic
levels (Nelson 1986; Veloso et al. 2003; Tomme et al. 2014). Most beach predators
are generalists that consume both zooplankton (fish and invertebrate larvae and
juveniles) and intertidal and subtidal benthic macrofauna (demersal benthic feeders).

Sandy beaches provide refuge against predators and food for juvenile fish (Félix
et al. 2007), which prey mainly upon zooplankton and small benthic animals.
Success in capturing prey can be related mainly to fish mobility and visual acuity.
Vasconcellos et al. (2011) studied diel fluctuations in nearshore fish communities at
the surf zone in Southeastern Brazil and observed that juveniles Atherinella brasil-
iensis preyed mainly upon plankton, while juveniles Trachinotus carolinus preyed
on small invertebrates. Feeding during daylight hours in the surf zone can be a
strategy employed by juvenile fishes to avoid predation since predators are mainly
active at night (Vasconcellos et al. 2011).

Few studies have focused on the effect of bird predation on sandy beaches. Lopes
(2003) described the structure of benthic communities used as food by wintering
shorebirds on the state of Maranhdo coast (Northeastern Brazil). The bill morpho-
logical adaptations for feeding and the trophic relationships of resident birds in
exposed sandy shores in southernmost Brazil were reviewed by Pinotti et al. (2014).
Sandpipers and plovers have short bills adapted to prey on small macrobenthic
fauna buried superficially (Santos 1991; Vooren 1997). In the state of Rio Grande do
Sul beaches, the American oystercatcher Haematopus palliatus use its specialized
bill (large spoon-shaped bill) to search preferentially for the large yellow clam
Amarilladesma mactroides, which can be buried at depths larger than 15-40 cm
when adult (>50 mm) (Vooren and Chiaradia 1990). Amarilladesma is also preyed
on by seagulls (Larus dominicanus) when doing tidal migrations (Vooren 1997).
The ground-burrowing owl, hawks, and seagulls prey upon the ghost crab Ocypode
quadrata on the sandy beaches of Southern Brazil (Gianuca 1997; Branco et al.
2010) and may play an important role in ghost crab population control.
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7.2.3 Parasitism

Parasitism is widespread among marine animals and may regulate the population
dynamics and influence the community structure of their hosts (Prinz et al. 2010).
Parasites can infect sandy beach species and impose energy demands, alter behav-
ior, affect morphology and appearance, reduce growth, and even cause mortality.
Parasites may also affect the reproductive output of species. Many trematodes, for
example, cause partial or total inhibition of host gamete formation in bivalves
(Averbuj and Cremonte 2010).

Although parasitism may exert a strong influence on sandy beach species, this
topic is still largely overlooked. Corte (2015) studied the parasitism of a digenetic
trematode in the clam Anomalocardia flexuosa (=brasiliana) on two beaches with
different morphodynamic states (an intermediate beach and a tidal flat) in Southeast
Brazil and observed that the parasite caused castration of all hosts. Nevertheless, no
difference in parasite prevalence (proportion of infected hosts) was observed
between beaches (circa 7.5%). Similarly, Aradjo and Rocha-Barreira (2004)
observed a prevalence rate of 6% of the trematode Bucephalus sp. in adult bivalves
of A. flexuosa in estuarine beaches in Ceard, Northeast Brazil.

Souza et al. (2019) described the effect of the parasitic isopod Mothocya nana
infestation on the physiological condition and the diet of Atherinella brasiliensis
(Brazilian silverside) in southeastern Brazil. According to these authors, general
conditions of the fishes decreased according to the parasite’s development and the
offspring’s weight. Parasitized fishes showed reduced phytoplankton intake and
based their food on fewer trophic categories. Parasitism by isopods in surf-zone fish
was also investigated by Shah Esmaeili et al. (2021) on 27 beaches in Sao Paulo,
southeastern Brazil. The authors registered four species of parasitic isopods, all
belonging to the Cymothoidae family, but Livoneca desterroensis was the most
abundant (78.7%). Overall, parasite infestation was low and recorded on only seven
beaches. A high infestation was found in a single site, the highly urbanized Itagua
beach (Ubatuba, state of Sdo Paulo), where the prevalence of parasitism reached
almost 70% of the Atlantic anchoveta Cetengraulis edentulus individuals. No effects
of parasitism were detected on the general conditions (i.e., size, weight, and physi-
ology) of affected fishes; however, according to the authors, coastal urbanization
could be a factor in increasing the prevalence of isopod parasitism in surf-zone fish.

7.2.4 Positive Interactions

In sandy beaches, the availability of suitable hard substrate for oviposition and shel-
ter is limited and can strongly influence species behavior and reproduction. Often,
empty mollusk shells are the only hard substrate available on sandy beaches, as
observed by Rocha-Barreira (2003), who recorded egg capsules of the gastropod
Olivancillaria vesica auricularia fixed in fragments and empty shells of bivalves in
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the surf zone. The selection of an appropriate substratum for laying the egg capsules
in environments with strong hydrodynamics, such as exposed beaches, can guaran-
tee the survival of the embryos during their development, especially for species with
a prolonged intracapsular period (Borzone 1995). Empty shells, however, usually
remain on the sediment surface, making deposited egg capsules an easy target for
predators. Furthermore, they can also be carried up the shore by wave action and
currents, where the larvae might die from desiccation.

As an alternative to enhance offspring survival, some sand-dwelling marine gas-
tropods select specific oviposition sites and attach their egg capsules to living organ-
isms such as algae, bivalves, or conspecifics (von Dassow and Strathmann 2005).
This behavior may bring several advantages when compared to laying eggs in empty
shells or stones. The most obvious benefit is that predation rates may be signifi-
cantly lower on egg capsules attached to “moving nurseries” (Kano and Fukumori
2010). Additionally, living organisms, especially infaunal species, provide egg cap-
sules with considerable protection from wave action, turbulence, desiccation, and
high air temperatures (Barnett et al. 1980). On Brazilian sandy shores, Corte et al.
(2018) reported a massive event of egg-capsule deposition by the gastropod Olivella
minuta on the shells of living, buried specimens of the trigonal clam Tivela mactroi-
des, emphasizing the importance of biological interactions on the ecology of sandy
beaches.

Low hydrodynamic environments, such as sheltered sandy beaches and tidal
flats, provide conditions for the occurrence of hermit crabs, which act as prominent
scavengers and deposit feeders (Negreiros-Fransozo et al. 1997; Fransozo and
Mantelatto 1998). Hermit crabs generally use gastropod shells because they protect
predators (Vance 1972; Hazlett 1996) and from physical stress (Reese 1969).
Several species of hermit crabs have been recorded on Brazilian sandy beaches,
mainly belonging to the genus Clibanarius, Isocheles (family Diogenidae), and
Pagurus (family Paguridae) (Chap. 4). In Sepetiba Bay, Rio de Janeiro, Cardoso
etal. (2011) observed that the abundance of Pagurus criniticornis may be related to
the dominance of gastropods Cerithium atratum, which provides empty shells. In
Aragd Bay, Sdo Paulo, P. criniticornis occupies shells of the gastropod Olivella
minuta (Turra and Denadai 2004).

Along the Brazilian coast, thalassinoides (Decapoda, Crustacea) build sandy or
muddy burrows, which are used by several species of benthic invertebrates as a
place for living, reproduction, and/or feeding (Manning and Felder 1989; Rodrigues
and Shimizu 1997). One of the most common examples is the use of the burrows of
ghost shrimps (Callichirus sp., Sergio sp., and Lapidophtalmus sp.) by pea crabs of
the genus Austinixa (= Pinnixa) (Alves and Pezzuto 1998; Alves and Rodrigues
2003; Lima 2006; Lima et al. 2006; Peiré and Mantellato 2011). Austinnixa patag-
oniensis occupies the upper portion of Callichirus major tubes (Rodrigues and
Shimizu 1997), with densities ranging from 0.9 to 3.6 crabs per tube (maximum of
26 crabs per tube) (Alves and Rodrigues 2003). Adults and juveniles commonly are
observed in the same burrow, and a maximum of four mature adults occurred
together. Unlike mature females, which usually are accompanied by other females,
mature males rarely occur together (Alves and Rodrigues 2003).
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7.3 Trophic Interactions

7.3.1 Trophic Guilds

A guild is defined as a group of species that similarly exploit the same class of envi-
ronmental resources, without considering the taxonomic position, and that signifi-
cantly overlap in their niche requirements (Dajoz 2005). Fauchald and Jumars
(1979) considered a feeding guild as an assemblage of species with similarities in
food size and type, mechanism of food capture and ingestion, and mobility during
feeding activities.

Arruda et al. (2003) showed that the distribution of mollusk-feeding guilds on
beaches is related to salinity, grain size, and the contents of silt clay and organic
matter in the sediment. Suspension-feeding bivalves, such as Anomalocardia flex-
uosa and Tagelus plebeius, occurred in areas with lower salinity and moderately to
well-sorted sediments with a predominance of very fine sand. Bivalve deposit feed-
ers (e.g., Macoma constricta and Tellina versicolor) were more abundant in sedi-
ments with high silt-clay and organic matter contents. Carnivore/scavengers
gastropods, such as Olivella minuta, were less abundant and occurred nearer the
waterline, feeding on bivalves of the genus Donax and other food items.

Olivella minuta has been shown to have scavenger and detritus-feeder-feeding
habits, with the diet varying in space and time (Corte et al. 2019). Thus, O. minuta
can participate in different food guilds, since its generalist behavior allows individu-
als to shift their diet according to habitat alterations and food availability. This strat-
egy enhances the persistence and resilience of O. minuta in different environments
and highlights its role in the cycling of both vegetal and animal organic matter on
sandy beaches (Corte et al. 2019).

Diets of several intertidal polychaete species of the state of Sdo Paulo were stud-
ied by Checon et al. (2017). Through analysis of the stomach contents of poly-
chaetes, the authors demonstrated that trophic guilds access different sources of
food available on these beaches. Subsurface deposit feeders have a lower diet
breadth and a higher dependence on organic matter detritus than surface feeders.
Planktonic diatoms are of moderate importance for surface deposit feeders, which
indicates that the sinking planktonic diatoms may be an important food source for
these organisms, although benthic diatoms were more often consumed by all feed-
ing guilds, which highlights the importance of local food sources for the marine
food web.

Cabrini et al. (2018) described the role of feeding guilds, considering different
groups of macrofauna, in the bioaccumulation of contaminants on sandy beaches
with different morphodynamic states on the state of Rio de Janeiro coast. Carnivorous
tissues had higher heavy metal concentrations compared to herbivorous, detritus,
suspension, and filter feeders. The bioaccumulation across the feeding guild was
probably related to the different magnitudes of metal contamination along the coast
as to the trophic structure of each beach.
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7.3.2 Scavengers

Sandy beaches are depositional environments (Barreiro et al. 2011) where wrack
accumulations can often be found along and above the intertidal zone. The supralit-
toral zone usually has a strip of debris deposited by the action of waves and tides
known as “drift line” or “stranded wrack line” (Gandara-Martins et al. 2010).
However, due to the high hydrodynamics typical of sandy beaches, the occurrence
and permanence of dead matter can be ephemeral.

As an essentially depositional environment, sandy beaches are favorable habitats
for scavengers that occur throughout the entire intertidal zone and are dominant in
the upper beach reaches (Defeo and McLachlan 2011). Scavengers are abundant on
all beach types and their high diversity highlights the role of beaches in processing
organic materials of marine origin (Defeo and McLachlan 2011). Scavengers are
represented by invertebrates and vertebrates. Beetles, flies, talitrid amphipods, and
ghost crabs dominate the scavenger fauna, while lizards, seabirds, and eventually
little rodents are generally present in low densities.

Studies focusing on sandy beach scavengers are scarce. In Brazil, this theme has
been addressed in a complementary way in studies on secondary production, the
structure of benthic communities and feeding guilds (Arruda et al. 2003; Petracco
et al. 2013; Mattos et al. 2013), and the effects of urbanization on the coast (Barbosa
et al. 2017; Costa et al. 2017). On the southernmost beaches of Brazil, dense accu-
mulations of the surf-zone diatom Asterionellopsis glacialis generally form dark-
brown patches at the meso- or the supralittoral (Odebrecht et al. 2013) (Chap. 2),
representing an important food source for terrestrial coleopterans (Bledius hermani,
B. bonariensis, and B. fernandezi) and the talitrid amphipod Atlantorchestoidea
brasiliensis (Gianuca 1983; Pinotti et al. 2014; Vianna and Borzone 2015). On the
beaches of northeast Brazil, seaweed and Halodule wrightii accumulate in the drift
line and are used as food by beetles and talitrid amphipods (Ramos 2014). The
beetles Phaleria testacea, B. caribbeanus, and B. hermani are common in the drift
line of sandy beaches in Northeastern Brazil (Rocha-Barreira et al. 2001; Rosa et al.
2013). The coleopteran Phaleria sp. is also a common inhabitant of beaches in the
states of Rio de Janeiro and Sao Paulo, often associated with detritus in the drift line
(Caldas and Almeida 1993; Veloso et al. 2003; Corte et al. 2022).

Talitrids generally are the first colonizers of stranded algae on the drift line of
sandy beaches (Veloso et al. 2009). The sandhopper Atlantorchestoidea brasiliensis
occurs from the supralittoral to the upper mid-littoral across the whole morphody-
namic spectrum on exposed beaches along south and southeast sandy shores in
Brazil (Cardoso and Veloso 1996; Defeo and Gémez 2005). Ramos (2014) studied
populations of Thalorchestia tucurauna on two sandy beaches of the state of
Pernambuco and found the highest densities on the beaches with more Halodule
wrightii in the drift line.

The ghost crab Ocypode quadrata is a predator and also an important scavenger
across the intertidal and supralittoral zones along the Brazilian coast (Alberto and
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Fontoura 1999; Turra et al. 2005; Branco et al. 2010; Gomes et al. 2019; Fortaleza
et al. 2019). This crab species feed on particulate organic matter (POC) found
among sand grains, dead fish, and other marine animals (Wolcott 1978). After
storms, empty shells of the bivalves A. mactroides and D. hanleyanus and the exo-
skeletons of the mole crab E. brasiliensis were observed around large burrows of the
ghost crab in Rio Grande do Sul beaches (Pinotti et al. 2014). Gomes et al. (2019)
found gut contents of ghost crabs on the state of Sdo Paulo beaches to contain
numerous arthropod groups, poriferans, plants, and even fish bones, highlighting
the opportunistic nature of the species. Field observations and field experiments
carried out in the city of Fortaleza (Rocha Barreira, pers. Obs.), state of Ceard,
observed that O. quadrata feeds on several food items, such as dead animal car-
casses and macroalgae, and also recorded that scavenger-feeding habit is more com-
mon than carnivory.

The intertidal zone is the area of beaches where the unpredictability of the car-
rion is greatest. However, in this zone, particulate debris may be the main resource
of food available to scavengers. The scavenger isopods Excirolana armata and
E. braziliensis inhabit the middle and the low intertidal zone and are capable of
actively searching for carrion under different intensities of swash currents (Yannicelli
et al. 2002). Pinotti et al. (2014) recorded that several macrobenthic species, and
even large dead organisms (e.g., fishes and seabirds), are voraciously consumed by
hundreds of Excirolana on beaches in southern Brazil.

In sheltered sand—muddy beaches, the relative greater environmental stability
favors scavengers. The gastropod Nassarius vibex (Fig. 7.1¢) is one of the most
important scavenger species on sheltered beaches in the states of Sdo Paulo and Rio
de Janeiro (Denadai et al. 2005; Cardoso and Caetano 2010). Field manipulative
experiments revealed that this gastropod is quickly attracted to food, with an instan-
taneous response to the smell of dead fishes, such that in less than 10 minutes the
animals were attracted to the baits (Lucena et al. 2012).

Omnivorous-detritivorous amphipods common in Brazilian beaches are
Bathyporeiapus bisetosus and B. ruffoi, Phoxocephalopsis zimmeri and Puelche
orensanzi, and Platyischnopidae may use primary or secondary production products
(e.g., suspended/deposited diatoms and detritus) along the swash zone as food
(Escofet 1973; Lercari et al. 2010).

In the subtidal zone of beaches in south Brazil, the surf-zone whelk Buccinanops
duartei is a scavenger frequently recorded on the beaches. This gastropod makes
exploratory excursions across the swash zone/inner surf zone, employing accurate
chemical receptors to detect deposited animal debris (Borzone and Gianuca 1990;
Garcia and Gianuca 1997). Many fishes also use macrophyte accumulations as
food. When studying two tropical Brazilian beaches with drift algae in the surf
zones, Andrades et al. (2014) found that fish biomass, density, and diversity
increased in the presence of drift algae. The macroalgae provide habitat/shelter and
food, mainly for juvenile (young-of-the-year) fishes.
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7.3.3 Detritivory

Detritivores feed upon particulate organic matter in and/or on the seafloor, distin-
guishing themselves from scavengers, which eat the corpses of animals and plants
in different stages of decomposition lying on the seabed (Kooten and Schellekens
2015). Deposit feeders are sparse or absent on reflective beaches, where high hydro-
dynamics prevent the accumulation of debris. The deposit-feeding habit only pre-
vails on fine sand beaches, as found on dissipative beaches (McLachlan and
Defeo 2018).

The infaunal polychaetes Thoracophelia furcifera and Spio gaucha and the
amphipods Bathyporeiapus bisetosus, B. ruffoi, Phoxocephalopsis zimmeri, Puelche
orensanzi, and Platyischnopidae feed on the diatom Asterionellopsis glacialis
deposited in the intertidal and supratidal zone in dissipative beaches of southern
Brazil (see Pinotti et al. 2014). Although the polychaetes Scolelepis chilensis,
S. Goodbodyi, and S. squamata are predominantly deposit feeders, they can shift to
filter feeding on very compact, fine sand beaches on the north coast of the state of
Sédo Paulo (Pardo and Amaral 2004). The bivalves Macoma constricta, Tellina ver-
sicolor, and Phacoides pectinatus are deposit feeders in beaches with high silt-clay
and organic matter contents (Fig. 7.2) (Arruda et al. 2003). These bivalves build
deep tubes or galleries and can opportunistically exploit the sediment layers rich in
organic matter on the subsurface (Arruda et al. 2003).

Fig. 7.2 Feeding behavior
of (a) Macoma constricta,
(b) Tellina lineata, and (c)
Tellina versicolor.
(Modified from Arruda

et al. 2003). Mollusc-
feeding guilds on sandy
beaches in Sao Paulo State,
Brazil. (Licensed by
Springer Nature and
Copyright Clearance
Center)
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In intertidal, sublittoral, and surf zones of sand beaches along the Brazilian coast,
the sand dollar Mellita quinsquesperforata, an epibenthic deposit-feeder, is very
common (Fig. 7.1d) (Lopes 2011). In the surf zone, this species is under high hydro-
dynamics and turbulence, generated by tidal currents and waves, but is still able to
ingest diatoms and sand grains colonized by microorganisms (Borzone et al. 1997).

7.3.4 Trophic Webs

Food webs differ between sandy beaches due to the different food sources and beach
morphodynamics (McLachlan and Defeo 2018). The main sources of organic mat-
ter in sandy beaches, such as surf-zone phytoplankton, carrion, and stranded mac-
roalgae, vary widely in space and time (Bergamino et al. 2016; Quillien et al. 2016).
Most food webs on sandy beaches include macrobenthos, zooplankton, fish, and
birds. In addition, an interstitial food web, composed of bacteria, protozoans, and
meiofauna, occurs commonly on sheltered beaches, and a microbial loop (bacteria,
flagellates, ciliates, and other microzooplankton) is always present in the water col-
umn of the surf zone (McLachlan and Defeo 2018).

Although studies on food webs are important for understanding the relationship
between energy flows and ecosystem functioning, there are still relatively few stud-
ies on sandy beaches (Thompson et al. 2012). Costa et al. (2017) applied mass-
balanced models on two Brazilian sandy beaches with distinct human impact
degrees on the state of Rio de Janeiro coast. In this study, the food web features did
not differ between nonurbanized and urbanized sectors from Grussai Beach (dissi-
pative beach) and Praia Grande Beach (reflective beach), but clear differences were
observed between beach morphodynamic types (Fig. 7.3). At Grussai Beach, the
majority of the Total System Throughput (TST) flowed to detritus or was exported.
At Praia Grande Beach, most TST was consumed, instead of exporting or flowing to
detritus. The highest trophic levels at Grussai Beach were represented by catfish
(Ariidae), while crustaceans Emerita brasiliensis and Excirolana braziliensis were
the main primary consumers (Fig. 7.3a). At Praia Grande Beach, the birds (brown
booby Sula leucogaster and the kelp gull Larus dominicanus) and fishes (sand drum
Umbrina coroides and the bluefish Pomatomus saltatrix) were the top predators;
crustaceans Excirolana brasiliensis and Atlantorchestoidea brasiliensis were the
main primary consumer (Fig. 7.3b).

In a review study, Pinotti et al. (2014) outlined the main trophic relationships
along subtropical sandy shores in southernmost Brazil. The authors highlighted the
biological compartments of producers, macrobenthic fauna, seabirds, and surf-zone
fishes (Fig. 7.4) and showed that the surf-zone diatom Asterionellopsis glacialis is
the most important primary producer sustaining intermediate (secondary to tertiary)
macrobenthic consumers like filter-feeding bivalves, hippid crabs, and scavenger
isopods, forming short trophic chains. During short-term high tides, the elevated
abundance and consequent high biomass of intertidal species may attract several top
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predators like swimming crabs, whelks, and fishes (upshore), while the predation is
mainly exerted by ghost crabs and seabirds (downshore) at low tides (Gianuca 1983).

The use of methods based on the isotopic signature of C and N has become an
extremely useful tool to analyze the food source, as well as the flow pathways of
organic matter and the trophic level of consumers on sandy beaches (Petracco
2008). Petracco (2008) conducted the first study with this focus in Brazil and found
that the trophic chain in Una Beach (Sao Paulo coast) seems to be based mainly on
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suspended particulate matter, further suggesting that the microphytobenthos also
have a relevant role and that dune plants do not contribute as primary producers in
that ecosystem.

Maria et al. (2011), through laboratory experiments with labeled planktonic and
benthic diatoms enriched with carbon 13C isotopes, observed that most macrofau-
nal animals consumed both types of diatoms, but benthic diatoms were consumed
by both macrofaunae and by meiofauna. These findings reveal the importance of
benthic carbon sources for macrofaunal and interstitial food webs and suggest a link
between both food webs through the common use of benthic diatoms.

Almeida et al. (2019) showed differences in the stable isotopic ratio (513C and
015N) of macrobenthic species between the reflective beach Praia do Farol, with a
high nutrient contribution from the continent provided by the Paraiba do Sul River,
and the dissipative Praia Grande Beach, which is affected by the upwelling at Cabo
Frio (RJ). Their findings pointed to no significant differences between the beaches,
suggesting that they have similar sources of organic matter, and the diet of organ-
isms is based on zooplankton at both beaches. However, significant differences
were found in the 813C and 815N isotopic signals for Donax hanleyanus and
Emerita brasiliensis, indicating that these species may occupy different trophic
positions at each beach. Also, the 815N isotopic signature of the polychaete
Hemipodia californiensis was similar to that of several benthic predators, such as
carnivorous fishes and octopus (Almeida et al. 2019; Corbisier et al. 2014), reveal-
ing that it is a top predator on beach environments.
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The interstitial environment is a beach compartment where bacteria, protozoans,
and meiofauna interact in their food web, which is supported by dissolved and par-
ticulate organic materials flushed into the sand by wave and tide action (McLachlan
and Defeo 2018). In sheltered sandy beaches, the interstitial system may include its
primary producers as benthic diatoms and autotrophic flagellates. The interstitial
food web consists of bacteria using particulate organic matter (POC) and dissolved
organic matter (DOC), protozoans preying on bacteria (and consuming POC and
DOC), meiofauna feeding on all of these, and carnivorous meiofauna taking other
meiofaunal forms (McLachlan and Defeo 2018). Despite the relevance of the inter-
stitial food web in the trophic structure of sandy beaches, studies in Brazil are still
quite incipient.

Sandy beaches with well-developed surf zones have a microbial food web sus-
pended in the water column. The hydrodynamic promoted by wave turbulence
maintains surf diatoms, organic matter, and detritus accumulations in the surf zone,
supporting a short and highly productive food web (McLachlan and Defeo 2018).
The large amount of dissolved organic carbon produced by surf diatoms is taken up
by bacteria and should fuel the surf-zone “microbial loop” (Odebrecht et al. 2013).
On exposed beaches, macrobenthic filter feeders are the main consumers and form
a link between diatoms and higher trophic levels (Garcia and Gianuca 1997).

7.4 Interactions Between Macrofauna and Meiofauna

The effects of macrobenthos on the meiobenthos in sandy beaches are extremely
variable, species-dependent, and are often not delimited (Olafsson 2003). Although
the generally maximum density and species richness of meiofauna and macrofauna
occur at different parts of the intertidal zone (Rosa-Filho et al. 2011; McLachlan
and Defeo 2018), macrobenthic organisms can cause physical changes in their abi-
otic environment (e.g., through bioturbation and bio-irrigation) (Widdicombe et al.
2000; Volkenborn et al. 2007), which in turn may influence the distribution of meio-
faunal organisms (Reise 1985). These interactions may be negative (e.g., mechani-
cal disturbance and predation) (Sherman et al. 1983; Urban-Malinga et al. 2014) or
positive (e.g., offer of shelter against predation and reduction of harmful chemical
compounds in porewater) (Volkenborn et al. 2007; Aviz et al. 2019).

In Brazil, few studies have attempted to understand the interaction between
macro-and meiofauna, and most studies were done with estuarine species, or on
estuarine beaches. Guilherme et al. (2011) used rubble mimics to describe the role
of Diopatra tubes in meiobenthos in Coroa do Avido (Pernambuco). The effect of
the burrowing polychaete Laeonereis culveri on meiofauna was studied by Pinto
and Bemvenuti (2003) using laboratory experiments. When reviewing the state of
the art of the meiofauna of Brazilian sandy beaches, Maria et al. (2016) state that
only two studies focused on biological interactions as a structuring factor of meio-
benthos communities. From these studies, only Maria et al. (2013) dealt with the
interaction between macrofauna and meiofauna. These authors investigated through
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laboratory experiments the role of Scolelepis squamata, a macrobenthic polychaete
abundant in intertidal zones of Brazilian sandy beaches, in the colonization of
defaunated sediments by sandy-beach nematodes. The main conclusion was that
meiofauna recovery was not significantly affected by the presence of the polychaete.
The causes of the absence of effect, differing from the results of other similar exper-
iments conducted on temperate sandy beaches, were not clear. Authors argued that
the behavior of the polychaete species (actually a species complex) used in the
Brazilian experiment or differences in nematode community between tropical and
temperate regions may have caused the observed differences in results.

7.5 Final Remarks

Although sandy beaches are known as physically controlled environments, intra and
interspecies biological interactions may play an important role in their biodiversity
even under the stressful conditions found in more reflective beaches. In Brazil,
knowledge about biological interactions on sandy beaches is still limited. Efforts to
understand the role of biological interactions in the structuring and functioning of
benthic communities of sandy beaches have been restricted mainly to the Southern
and Southeastern regions of Brazil (Amaral et al. 2016) with some important initia-
tives also in the Northeastern region. This situation evidences a regional gap and
demonstrates the need for further studies on this topic to gain a better understanding
of sandy beach ecosystems.
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Chapter 8
Ecosystem Services

Helio Herminio Checon, Luciana Yokoyama Xavier,
and Leandra Regina Goncalves

8.1 Ecosystem Services

Ecosystems are broadly defined as systems that encompass the interaction between
living organisms with the abiotic features of a particular environment. For much
time, scientists have framed ecosystems as natural entities detached from human
influence. However, as the need to understand the intrinsic interaction between nat-
ural systems and human societies as components of a single system emerged, sci-
ence has moved to a broader approach. The social-ecological systems frameworks
describe an integrated system of people and nature in which feedback occurs
between human and biophysical system elements. Among them, the ecosystem ser-
vices framework translates the idea that ecosystems provide unreplaceable benefits
to human populations (Daily and Matson 2008).

The ecosystem services classifications and approaches have been developed
throughout the end of the last century, engaging scholars from different areas (Braat
and de Groot 2012; Costanza et al. 2017). Although the term can be traced back to
1981 (Costanza et al. 2017), the Millennium Ecosystem Assessment (MEA 2005)
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promoted global recognition of ecosystem services and their importance. This
assessment categorized and defined ecosystem services to assess the impacts on
human economics and well-being caused by ecosystem degradation (Carpenter
et al. 2009). The findings that anthropic activities impacted 60% of ecosystem ser-
vices worldwide were a warning to politicians and scientists that boosted studies on
ecosystem services and fostered their application as a conservation tool (Vihervaara
et al. 2010; Costanza et al. 2017).

The MEA also proposed the currently most applied framework to classify eco-
system services, distinguished among provisioning, regulating, supporting, and cul-
tural services (MEA 2005). Provisioning services are the goods generated by
ecosystem functioning (e.g., food, raw materials, energy, and others). Regulating
services are those responsible for maintaining quality or preventing damages to
goods (e.g., erosion prevention, water purification, carbon sequestration, and oth-
ers). Supporting services are related to processes derived from the ecosystem func-
tioning that maintain the ecosystem goods (e.g., nutrient cycling, photosynthesis,
pollination, and others). Cultural services are related to the immaterial benefits
resulting from the connection of humans with the ecosystem (e.g., tourism, reli-
gious practices, topophilia, and others) (MEA 2005).

Building on the ecosystem services approach, other frameworks emerged (see
Costanza et al. 2017 for a detailed review of the most prominent ones). The
Economics of Ecosystems and Biodiversity project (TEEB) stresses the economic
benefits of nature (TEEB 2008). The Common International Classification of
Ecosystem Services (CICES) distinguishes ecosystems’ structure, processes, ser-
vices, benefits, and values, organized in a linear cascade model that highlights the
influence of the social component on the natural capital (feedback loop; e.g., value
and governance systems) (Haines-Young and Potschin 2018). The Intergovernmental
Platform on Biodiversity and Ecosystem Services (IPBES) understands ecosystems
services as part of broader “nature’s contributions to people” and highlights the
intrinsic value of nature, the direct connection between nature and good quality of
life, and the need to include traditional views on human—nature relations (e.g., tra-
ditional and indigenous views on nature) in decision-making (Pascual et al. 2017).

As the discussion on the concept evolves, it is unlikely that a single definition of
ecosystem services is possible, even though it would facilitate global comparisons
(Fisher et al. 2008). Despite this, management and conservation policies are increas-
ingly applying the concept of ecosystem services to guide the decision-making pro-
cess and translate the importance of the conservation of ecosystem functioning
(Costanza et al. 1997; Fisher et al. 2008). In the next few years, the concept of
ecosystem services, its frameworks, and approaches shall undoubtedly be further
developed and applied by different areas of knowledge and management sectors,
which will improve it and connect approaches through interdisciplinarity and inte-
grated management.

Concerns regarding the application of the ecosystem services concept exist. One
of the main criticisms lies in what is perceived as an anthropocentric view of nature,
which results in the understanding of ecosystems as a commodity that needs to be
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attributed a monetary value, whereas the valuing process in itself may be subject to
ethical questioning (Schroter et al. 2014; Costanza et al. 2017). Attributing mone-
tary value to cultural services has proven to be especially tricky and leads to their
undervaluation (Daniel et al. 2012). Other critics point to the misconception that
ecosystem processes only provide benefits (McCauley 2006). Despite criticisms,
the concept has been valuable for communicating nature’s values and implementing
management policies. The positive view of ecosystems represents a utility rather
than a hindrance to their protection (Schroter et al. 2014).

It is well known that the ocean and coastal areas support the livelihoods of hun-
dreds of millions of people and contribute to more than 60% of the total economic
value of the biosphere (Martinez et al. 2007; Costanza et al. 2014). However, eco-
system services studies for these environments are still incipient, and the complex-
ity and the dynamic among coastal ecosystems and well-being have not been
comprehensively assessed (Blythe et al. 2020). Given the crescent centrality of the
ocean in international sustainability discussions, the research topic is growing rap-
idly while academic and nonacademic publications are quantitatively increasing.

Among coastal ecosystems, sandy beaches have distinctive cultural, economic,
and environmental importance. They provide habitat and food for many marine spe-
cies and attract people who enjoy their beauty. The activities associated with their
direct use support the economy of coastal cities worldwide. Sandy beach ecosystem
services, however, still have much to be explored and studied. In Brazil, a few arti-
cles have addressed the topic (see Amaral et al. 2016), and many are descriptive and
focus on single ecosystem services. In this chapter, we present an overview of eco-
system services provided by sandy beaches worldwide and review examples of
studies on the Brazilian coast to promote a more comprehensive understanding of
beach ecosystems. For this chapter, we adopt the broader definition of ecosystem
services as “the ecological characteristics, functions, or processes that directly or
indirectly contribute to human well-being” (Costanza et al. 2017).

8.2 Sandy Beaches Ecosystem Services

Sandy beaches are widespread ecosystems, occupying around a third of the unfrosted
coastlines worldwide (Luijendijk et al. 2018). Like other coastal depositional eco-
systems (such as mangroves, estuaries, and seagrasses), sandy beaches are dynamic
environments influenced by continental (i.e., riverine input, winds, organic matter
exportation) and oceanic processes (i.e., tides, waves). Thus, the functioning of this
ecosystem depends on the stability and conservation of terrestrial and marine envi-
ronments. Similarly, the threats also come from terrestrial and marine activities,
including human occupation on coastlines worldwide.

Sandy beaches are the coastal ecosystem most used by human societies (Defeo
et al. 2009), as they are the most accessible coastal habitat, providing a gateway to
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the sea for economic and recreational activities. They carry significant cultural and
economic importance for human societies. However, sandy beaches were for a long
time seen as desertic systems in terms of biodiversity. The works of Anton
McLachlan during the 1980s were among the first to consider them as singular eco-
systems and fostered the development of sandy beach science. Nowadays, sandy
beaches still are the least studied coastal ecosystem — number of publications from
1950 to 2013: sandy beach = 2936 studies; rocky shores = 3157 studies; man-
groves = 11,149 studies; coral reefs = 20,065 studies; and estuaries = 36,358 studies
(Nel et al. 2014) — but an exponential increase in the number of studies has been
registered since the mid-1980s (Nel et al. 2014), a trend that continues up to date.
Similarly, sandy beach services have been more recognized and valued only in the
last decades. Due to this recent recognition, efforts to better understand them, their
role, distribution, impacts, and values are still needed. Several services have been
attributed to sandy beaches, encompassing all MEA-established categories
(Fig. 9.1).

In Brazil, sandy beaches are an integral part of society. Similar to the worldwide
trend, the country’s highest population densities are in coastal states and cities.
Thus, the urban development of cities fosters occupation and subsequent changes in
coastal environments. Brazilian sandy beaches provide fundamental ecosystem
goods and services, playing an essential role in human population health and in
promoting biodiversity conservation. Among the practices and activities developed
on Brazilian beaches, shellfish harvesting and fishing modalities are the main activi-
ties carried out by coastal populations. Sandy beaches also host cultural manifesta-
tions and support fishing (e.g., the launching and beaching of small boats), tourism,
and recreation activities. Although less common, Brazilian beaches provide other
goods and services, including aquaculture and the exploitation of sea salt (espe-
cially in the northeastern region of the country) (Amaral et al. 2016).

Despite their ecological and social importance, human activities broadly impact
sandy beaches, both by direct (e.g., dredging, overexploitation of species, coastal
engineering) or indirect impacts (e.g., organic enrichment, plastic pollution, heavy
metals contamination) (Defeo et al. 2009; Ivar do Sul and Costa 2014). Owing to
these impacts and threats, the management of coastal areas has garnered much
attention, especially with the more recent concerns regarding the climate change
scenarios to which the coastal ecosystems are highly vulnerable (Amaral et al.
2016; Xavier et al. 2022). Thus, a comprehensive understanding of the sandy
beaches’ ecosystem services is necessary to provide insights into where manage-
ment could be improved to maintain the natural condition of these ecosystems. In
the next sections, we will review some of the most recognized and well-studied
services on beaches, summarized in Fig. 8.1, using examples of studies carried out
on shorelines around the world and the Brazilian coast. Some of these services are
summarized within other chapters of this book (e.g., Chaps. 2, 4, and 5).
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Fig. 8.1 Ecosystem services provided by beaches around the world

8.3 Provisioning Services

Fisheries are one of the most common coastal activities around the world and sup-
port the economy of coastal cities and the economy and subsistence of local com-
munities (Vasconcellos et al. 2011; Hanazaki et al. 2013). Small-scale and artisanal
fisheries comprise the majority of fishing activities and support the livelihood and
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Fig. 8.2 The provision of food is the main provisioning service generated by sandy beaches. (a)
Small-scale fishery by hand collection of mollusks in the intertidal area (state of Sao Paulo, photo:
Alvaro Migotto/Cifonauta); (b) fisheries vessels equipped with shrimp fishing apparatus (state of
Rio de Janeiro state, photo: Guillermo Bresciano/Unsplash); (¢) fish catching on the surf zone is
usually made using seine nets, with or without the use of vessels (state of Santa Catarina, photo:
Cassiano Psomas/Unsplash); examples of commercially relevant sandy beach invertebrates: (d)
the blue crab of the genus Callinectes (photo: Alvaro Migotto/Cifonauta); (e) the ghost shrimp
Callichirus major (state of Sao Paulo; photo: Francisco Buchmann) and (f) the heart clam
Anomalocardia flexuosa (state of Sdo Paulo, photo: Marcia Denadai)

culture of many families in traditional fishing communities (McGoodwin 2001;
Begossi 2010). In Brazil, it responds to 53—70% of total fish landings (Begossi
2010; Vasconcellos et al. 2011). Beaches are an integral part of this activity. On the
one hand, they provide the resource to be fished, support food webs of fishing
resources, and provide sites for foraging and nursery. On the other hand, they pro-
vide easy access to the sea for small-scale fisheries and sites where fish landing and
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initial commercialization occur (Vasconcellos et al. 2011; Carrilho and Sinisgalli
2018) (Fig. 8.2).

Sandy beaches house many vertebrate and invertebrate species that are explored
for food, especially by small-scale fisheries (for profit, subsistence, or recreational
purposes). Fisheries of marine invertebrates are a common practice on sandy
beaches around the world. These are almost always carried out by small-scale, arti-
sanal methods, and capture is used for human consumption, bait for other fisheries,
or handicraft purposes (Defeo 2003; Turra et al. 2016). A study conducted on nine
sandy beaches of the state of Rio Grande do Norte (Northeast Brazil) found nine
molluscan species explored for subsistence and sale, with a selling price ranging
from US$ 1.2 to US$ 3 kg~! (Silva and Martins 2017).

The most commonly exploited sandy beach species in Brazil is the heart clam
Anomalocardia flexuosa (known previously as Anomalocardia brasiliana) (Chap.
4), a mollusk found mainly on estuarine beaches (Fig. 8.2e). This species, known
popularly as berbigdo, vongole, or bizio (depending on the regional context), is
extensively gathered and represents an integral part of the economy of traditional
gathering communities. In northeast Brazil, where A. flexuosa is the most relevant
exploited species, mollusk gathering represents up to 5.8% of the total coastal fish-
eries income (Silva-Cavalcanti and Costa 2011). The clam Tivella mactroides (also
popularly known as berbigdo or sapinhaud) is often captured and sold as an alterna-
tive to A. flexuosa (Turra et al. 2016; Silva and Martins 2017). On the state of Sao
Paulo (southeast Brazil), recreational exploration of 7. mactroides by residents and
tourists is estimated to range from 8.8 to 24.6 tons/year (Denadai et al. 2015). On
the southernmost temperate coast of Brazil, the yellow clam Amarilladesma mac-
troides represents an economic and food resource (Ortega et al. 2012).

Although associated mainly with rocky shores and mangroves, mussel beds may
also grow on sandy beaches with low hydrodynamics and very fine sands. Among
them, the Mytella species are harvested for human consumption and sold for US$
1.21/unit in the state of Rio de Janeiro (Silva and Martins 2017). Besides food pro-
visioning, beached shells of mollusks are raw materials used for commercial pur-
poses, sold as a whole, or used to craft souvenirs (Turra et al. 2016).

Sandy beach crustaceans are also captured for commercial purposes. The ghost
shrimp Callichirus major (popularly known as corrupto) is a commonly captured
crustacean (Fig. 8.2f), taken out for its burrows on the lower intertidal using suction
tools. This crustacean is commonly used as bait for small-scale and recreational
fishing activities (Souza and Borzone 2003). A study carried out at beaches in south
Brazil found that C. major harvesting was responsible for depleting ~10% of the
total stock, which may threaten these populations (Chap. 6). Impacts on these organ-
isms may affect the whole ecosystem and its services since they are important bio-
turbators whose activity enhances the nutrient cycling services provided by beaches
(Machado et al. 2004).

Blue crabs are also economically relevant crustaceans that inhabit sandy beaches.
In Brazil, the Callinectes danae, C. sapidus, and C. ornatus (Severino-Rodrigues
et al. 2001) are fished by small traditional communities. Anacleto et al. (2016)
reported a mean commercial value of US$ 11.20 kg™! in the state of Parand state
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(South Brazil). Fisheries of these crustacean species, however, have seen a decline
during the last decades, which can be attributed to environmental degradation and
changes, threatening the food security of many traditional communities (Bail and
Branco 2007; Carrilho and Sinisgalli 2018).

Shrimp fishing represents another valuable economic resource for traditional
coastal communities (Bail and Branco 2007). The most common species associated
with shrimp fishing are the Atlantic bob (Xiphopenaeus kroyeri, known locally as
camardo-sete-barbas), the white shrimp (Litopenaues schmitii), and the pink shrimp
(Farfantepenaeus brasiliensis and F. paulensis) (Souza et al. 2009). Although
shrimp fishery occurs in areas farther from the coast or inside estuaries, juvenile
stages can be found occupying the surf zone of beaches and depend on the conserva-
tion of beach ecosystems to grow.

Fish captures present the same scenario. Large-scale fish captures occur outside
the beach area but are, in many cases, connected to the beach ecosystem, which has
a fundamental role in fish life cycles. Many commercially important fish species
captured in other marine ecosystems (e.g., estuaries and open ocean) occur on beach
surf zones during their juvenile stages (nursery function, see Supporting Services).

Table 8.1 Commercially important fish species whose juvenile stages occupy the surf zone of
sandy beaches in Brazil

Popular name Popular name Scientific

(English) (Portuguese) denomination Source

Anchovies Anchova Anchoa januaria Pereira et al. (2015)

Anchovies Anchova Anchoa lyolepsis Félix et al. (2007)

Anchovies Anchova Anchoa tricolor Pereira et al. (2015)
Félix et al. (2007)

Catfish Bagre Genides genides Shah Esmaeili et al.
(2021)

Catfish Bagre Genides barbus Shah Esmaeili et al.
(2021)

Croaker Corvina Micropogonias Pereira et al. (2015)

Sfurnieri
False herring Sardinha-cascuda Harengula clupeola | Pereira et al. (2015)
Herrings Sardinha Sardinella Félix et al. (2007)
brasiliensis
Leatherjacket Guavira Oligoplites saliens Shah Esmaeili et al.
(2021)
Lebranche mullet Parati Mugil liza Pereira et al. (2015)
Pompano Pampo Trachinotus carolinus | Andrades et al. (2012)
Pompano Pampo Trachinotus falcatus | Andrades et al. (2012)
Silverside Peixe-rei Atherinella Del Favero and Dias
brasiliensis (2015)
Swordspine snook Robalo-flecha Centropomus Shah Esmaeili et al.
ensiferus (2021)

Swordspine snook

Carapeba-listrada

Eugerres brasilianus

Shah Esmaeili et al.
(2021)
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Studies on the Brazilian coast reveal economically important species whose juve-
nile or adult stages occupy the surf zones of sandy beaches (Table 8.1).

Fish captures may also occur within the beach area. However, due to the charac-
teristics of sandy beaches (e.g., shallow habitats, wave action), fish captures in the
beach area are usually small-scale, carried out using small vessels or trawling using
beach seine nets. These small-scale fisheries are necessary for the economy and
subsistence of local communities in many areas of the Brazilian coast (Nascimento
and Sassi 2007). Vertebrate fisheries have long been practiced on Brazilian shores
as a recreational activity, and fishing contests increase in number yearly (Freire
et al. 2014) (Fig. 8.2).

Although characterized by small-scale practices, sandy beach fisheries can be a
threat to the beach environment. Many fished species are vulnerable to overexploi-
tation, and studies show a decrease in stocks of beach invertebrate species world-
wide (Castilla and Defeo 2001). Intense shell removal may also negatively impact
ecosystem processes. Shells are important for epibiontic algae and organisms, offer
protection for hermit crabs, and their degradation is important to the maintenance of
the calcium carbonate cycle within the marine environment (Kowalewski et al.
2014). Other activities on sandy beaches can also affect fisheries. For instance,
urbanization and tourism may impact the richness and abundance of fish in surf
zones, leading to a stock decrease both for coastal and oceanic fisheries (Vargas-
Fonseca et al. 2016; Costa et al. 2017). The occupation of beach areas by tourists or
tourism infrastructure (such as restaurants, kiosks, and bungalows) reduces species
richness and biomass of invertebrates (Corte et al. 2022) and impacts fisheries activ-
ities (Hoefle 2014). Sandy beaches should be understood as habitats whose conser-
vation is essential for the whole artisanal fishing sector and managed as such to
promote a more extensive set of ecosystem services.

As for the other provisioning services mentioned in Fig. 8.1 (i.e., clean water,
genetic and ornamental resources, biodiversity), there is a less known recognition of
these services, at least in the ecosystem services framework. For instance, biodiver-
sity assessments and ecological studies recognizing beach diversity, which has
strong endemism to this ecosystem (Harris et al. 2014), are common on
Brazil (Amaral et al. 2016); however, the recognition of the importance of biodiver-
sity as a service, or its contribution to other services, is poorly explored (Checon
et al. 2022).

8.4 Supporting Services

Sandy beaches are substantial foraging and nursery grounds for many fish species.
Because of the protection provided by waves and shallow environments, juvenile
stages find shelter from predators in these areas, and they may feed and grow with
higher success before leaving for estuaries and open ocean to complete their life
cycles, hence the nursery function (Beck et al. 2001; Able et al. 2013). Worldwide,
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Fig. 8.3 Examples of beaches as nurseries, nesting, and feeding grounds for nonresident species.
(a) A juvenile pompano (Trachinotus carolinus) in the beach surf zone; (b) the green turtle
Chelonia mydas on a beach in Northeast Brazil (Praia do Forte, state of Bahia); (c) the loggerhead
sea turtle (Caretta caretta) laying eggs in a nesting beach site in Southeast Brazil (Comboios, state
of Espirito Santo); (d) release of baby turtles promoted by the Projeto TAMAR (photos b, ¢, and d;
Banco de imagens Projeto TamarlFundagao Pr6-Tamar); (e) mixed flocks of Sternidae (Onychoprion
fuscatus and Anous stolidus) and Sulidae (Sula dactylatra) occupying the dune area of a beach in
Northeast Brazil (Atol das Rocas, state of Rio Grande do Norte) (photo: Maira Pombo); (f) mixed
flocks of Scolopacidae and Sternidae in the lower intertidal area of a beach in Brazil (Massambaba-
Arraial do Cabo, Regido dos Lagos, state of Rio de Janeiro) (photo: Eduardo Gomes Pimenta)

many commercially important fish species use beaches’ surf zones as nursery habi-
tats (Able et al. 2013; Olds et al. 2018).

The nursery function has been identified in studies developed in different areas
along the Brazilian coast (Andrades et al. 2012; Pereira et al. 2015) (Fig. 8.3a).
However, nurseries are not provided equally by all morphodynamics types of
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beaches. Two studies on the northeast and southeast Brazil reported a higher rich-
ness of species and abundance of juvenile individuals in dissipative beaches (i.e.,
those with wide surf zones that dissipate wave energy) than reflective ones (i.e.,
those with reduced surf zones and harsh swash climate) (Vasconcellos et al. 2007;
Oliveira and Pessanha 2014). A higher abundance of planktonic food sources and
lower stress from hydrodynamic conditions explained richness and abundance vari-
ations (Vasconcellos et al. 2007). It does not mean that reflective beaches are unim-
portant as nursery grounds. Morphodynamic conditions affect fish assemblages’
composition in surf zones (Olds et al. 2018), and fish species with a higher capacity
to withstand harsh environmental conditions may rely on reflective conditions to
feed and protect from predators (Shah Esmaeili et al. 2021). Understanding the
links between morphodynamics and nursery habitat can indicate which sandy
beaches may be more suitable for protection to secure fish stocks.

Aside from the diverse benthic invertebrate fauna, sandy beaches also support
the life cycles of resident and nonresident species of reptiles, birds, and mammals
(Chap. 5). These organisms use the supra and intertidal areas of beaches for forag-
ing, resting, and nesting, and act in exporting and importing material and connect-
ing sandy beach food webs to other ecosystems. Sea turtles are one of the most
emblematic examples of the use of sandy beaches for nesting (Fig. 8.3b, c). All
seven existing species migrate from the ocean toward beach areas during reproduc-
tion. The nesting of sea turtles influences sandy beach processes by inputting
organic matter and increasing organism turnover (Madden et al. 2008), which
affects nutrient cycling and food web support services. Sea turtles transport a varied
number of epibiont organisms, contribute to the transfer of energy from nutrient-
rich to nutrient-poor beaches, and affect the marine food web, especially as consum-
ers of small invertebrates (Bjorndal and Jackson 2002).

As sea turtles depend on sandy beaches, preserving supporting service is essen-
tial for their conservation. Given the ecological role of sea turtle species, their pro-
tection also affects the stability of coastal processes and represents one of the
services related to biodiversity. The International Union for Conservation of Nature
Red List categorizes six of the seven sea turtle species as threatened: leatherback
(Dermochelys coriacea),loggerhead (Caretta caretta), and olive ridley (Lepidochelys
olivacea) sea turtles are vulnerable; green sea turtle (Chelonia mydas) is endan-
gered; hawksbill (Eretmochelys imbricata) and Kemp’s ridley (Lepidochelys kem-
pii) sea turtles are critically endangered (IUCN 2020). The vulnerability of such
species tends to rise with the reduction of beach areas by coastal urbanization and
sea-level rise.

In Brazil, turtles are likely the most known flagship species for coastal preserva-
tion. Five sea turtle species use Brazilian sandy beaches as nesting sites — Caretta
caretta, Chelonia mydas, Eretmochelys imbricata, Lepidochelys olivacea, and
Dermochelys coriacea — all listed as threatened. Most of these species nest on
beaches of the northeast (especially the states of Bahia, Sergipe, Alagoas, and Rio
Grande do Norte) and southeast (states of Espirito Santo and Rio de Janeiro) (Reis
and Goldberg 2017). An exception is Chelonia mydas, the species with more abun-
dance of juveniles along the coast, which nests preferably in oceanic islands (Reis
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and Goldberg 2017) (Chap. 5). The dependence on beach sites makes turtles vulner-
able to egg poaching, net trampling, and capture by fishing activities. A total of
2515 turtles from 4 different species were accidentally captured from 1991 to 1998
on an important nesting site in Ubatuba, state of Sdo Paulo (Southeast Brazil)
(Santos et al. 2016). Many efforts for turtle conservation are in place in the country.
The nongovernmental organization Projeto TAMAR has a prominent role in pro-
tecting nesting sites and promoting environmental education, having more than
20 units along the Brazilian coast, from the state of Santa Catarina (South Brazil) to
the state of Ceard (Northeast Brazil) states (Fig. 8.3d).

Beaches of the state of Espirito Santo (Southeast Brazil) exemplify the effective-
ness of conservation measures. There, the annual number of leatherback turtle nests
increased from 6 (1993-1994) to 92 (2002-2003) due to nests control and egg
poaching prevention (Thomé et al. 2007). The same trend was observed for the olive
ridley sea turtle on beaches of the states of Sergipe and Bahia (Northeast Brazil)
where annual nests increased from 252 in 1991-92 to 2606 in 2002-03 (Silva
et al. 2007).

Resident and migratory seabird species also use sandy beaches for nesting and
foraging (Barbieri and Paes 2008) (Fig. 8.3e, f). Nesting usually occurs where
sparse vegetation cover is present at the dune level, which acts as a camouflage
against predators (Swaisgood et al. 2018). Feeding may occur throughout the entire
beach area. One of the first studies to address beach use by birds was carried out by
McLachlan et al. (1980) in South Africa. They estimated that the consumption of
invertebrates by 15 species of birds during 1 year totaled 8% of invertebrate bio-
mass. Schlacher et al. (2013) found that birds are the most efficient scavengers to
feed upon stranded marine carrion. This finding highlights the importance of
beaches as a feeding ground for bird species and also the importance of birds as top
predators and scavengers of these ecosystems.

Most studies regarding bird use of beaches in Brazil are concentrated on its south
and southeast coast, where the presence of migratory birds from the colder south-
ernmost areas of the continent is more pronounced. Vooren and Brusque (1999)
estimated that 111 bird species occur in coastal habitats along the Brazilian coast
(with 59% migratory species); 86 of those use sandy beaches, especially waders
(suborder Charadrii). In the state of Rio Grande do Sul (South Brazil), Leal and co-
authors found that the abundance of migratory shorebirds is higher during austral
summer and on nonurbanized beaches (Leal et al. 2013). A 2-year survey on a single
beach in Ilha Comprida, state of Sdo Paulo (Southeast Brazil) registered 205,339
individuals of 52 species (with 14 migratory species), which increased beach use by
birds during summer months (Barbieri and Paes 2008).

The importance of beaches as a nesting and feeding site for birds is threatened by
an array of human activities, such as vehicle trafficking, the presence of domestic
pets, beach cleaning, and occupation of the supralittoral area (Meager et al. 2012)
(Chap. 9). In addition, the beach used by migratory birds during the summer coin-
cides with the season when tourism is at its highest, making these organisms more
susceptible to anthropic impacts. Plastic pollution is also a growing concern for
birds. Plastic is an abundant item of marine litter found on Brazilian beaches and is
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easily available for foraging birds as small pieces or pellets on the strandline
(Moreira et al. 2016). Of 115 dead birds (mostly albatrosses and petrels) found on
beaches of the state of Rio Grande do Sul (South Brazil), 38.3% had plastic inside
their digestive tract, with two species having more plastic than prey items (Colabuono
et al. 2009). Thus, urbanization processes can harm the population of birds that

e

Fig. 8.4 Protection against extreme events and coastal erosion is the main regulating service pro-
vided by sandy beaches. When coastal engineering structures are built close to or upon the dune
and supratidal area, many damaging processes can occur. Examples of (a) coastal squeezing in
Balnedrio Camborit beach (state of Santa Catarina, photo: Gaspar Rocha/Pixabay) and (b)
Juquehy beach (state of Sao Paulo, photo: Fernanda Terra Stori); (¢) damages to the beachfront at
Macumba beach (state of Rio de Janeiro, Brazil, Tomaz Silva/Agéncia Brasil Fotografias/CCBY
(https://creativecommons.org/licenses/by/2.0)); (d) Santos municipality (state of Sao Paulo, photo:
Fernanda Terra Stori); and (e) flooding of the streets caused by storm waves at Santos municipality
(state of Sdo Paulo, photo: Luiz Henrique Alves do Pateo)
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depend on sandy beaches for feeding and nesting, highlighting the importance of
having beaches with low anthropic pressure to guarantee their use by migra-
tory birds.

8.5 Regulating Services

Coastal protection against storms, waves, and wind action is among the essential
services provided by coastal ecosystems, as they act as a buffer to alleviate damages
(Barbier et al. 2011; Barbier 2015) (Fig. 8.4). The sloping profile of sandy beach
face and sublittoral zones serves as a buffer that reduces wave energy that would
otherwise fall upon the adjacent back beach areas. Buffering considerably reduces
the damages that would be caused, especially in urbanized areas. For instance, Lins-
de-Barros et al. (2016) estimated losses totaling US$ 59,171.60 km~! due to prop-
erty damages caused by storm waves on an urbanized beach in the state of Rio de
Janeiro, Southeast Brazil. However, anthropic interventions can compromise this
protection promoted by beaches, which often comes at the cost of environmental
damage (Fig. 8.4).

Storms can severely impact sandy shores, mainly due to the erosion process that
removes sand from the beach zones, shortening their width (Roelvink et al. 2009)
(Chap. 9). Provided that hydrodynamics and sediment budgets remain constant,
beaches can naturally recover from such impacts over time. Beaches with preserved
vegetated dunes at the back beach and a wide beach face are more resilient to ero-
sion from storm impacts because of the constant sand budget and thus provide
enhanced protection against damages (Taylor et al. 2015). However, several natural
and anthropic causes contribute to the global coastal erosion concern. The sea-level
rise, increase in storm events, armoring of coast shoreline, trapping of sediment by
artificial structures, sand mining, and beach cleaning are among the processes and
activities that contribute to the negative erosion impacts (Dugan et al. 2008; Defeo
et al. 2009).

Worldwide, sandy beaches are shrinking worldwide, with nearly a quarter expe-
riencing an erosion of >0.5 m/year (Luijendijk et al. 2018). For Brazil, this number
is higher, with 40% of the entire coastline facing erosion processes (Brasil 2018).
This value is highly variable along the coast, ranging from as low as 4% of eroding
beaches in the state of Sao Paulo to 65% of eroding beaches in the state of Amapa
(Brasil 2018). Despite the low number of eroding beaches, nearly 52% of beaches
in the state of S@o Paulo are at high or very high risk of erosion (Souza 2012).
Coastal erosion also makes beaches less attractive to tourists, as observed in the
state of Ceard (Northeast Brazil) (Silva et al. 2018), which further damages the
provision of cultural services. Thus, there is a need to map and monitor erosion
impacts on shorelines to maintain sandy beach services as well as reduce the socio-
economic impacts of extreme events.

The rising number of studies addressing coastal erosion has to do with the grow-
ing concern about climate change. Predictions of sea-level rise have caused alarm
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surrounding the potential negative impacts on coastal settlements and ecosystems.
Sandy beaches can have a positive effect on alleviating these impacts. As dynamic
ecosystems, sandy beaches can exert a “backward” migration toward dune areas
with the sea-level rise (Defeo et al. 2009), maintaining their coastline protection
service. However, for such a process to occur, beaches must be able to migrate,
which means that areas with the presence of coastal armoring and occupied dunes
are limited in maintaining sandy beach protection (Dugan et al. 2008). An assess-
ment of the northeast Brazilian coast estimated that coastal vulnerability to sea-level
rise is much higher in areas with high population densities, a high number of build-
ings, and the ongoing process of coastal squeezing due to the construction of hard
structures (Martins et al. 2017).

Besides coastal protection, other relevant processes of nutrient storage, cycling,
and export affect food webs in most ecosystems. Although this process is not as
comprehensively investigated on sandy beaches as for terrestrial or estuarine eco-
systems, beaches are important sites for cycling organic matter input. The organic
input on sandy beaches mainly occurs from macroalgae and macrophytes brought
by tides and waves from nearby rocky shores and mangroves. Dugan et al. (2011)
quantified the inorganic and organic nitrogen of pore and surf zone water. They
found that beaches store dissolved nutrients and export the re-mineralized nutrients
from macrophyte inputs. Andrades et al. (2014) also found that the macroalgae
strands on the surf zone increase the function of nursery habitats due to increased
nutrient availability. The presence of organisms, especially those related to biotur-
bation, is important for cycling these nutrients, as evidenced by the increased nutri-
ent concentration in the water from Callichirus major burrows in south Brazil
(Machado et al. 2004). Due to the importance of nutrient cycling services and the
role of macroalgae inputs, beach cleaning should not be recommended for areas
where such environmental services are to be preserved.

Beaches and dunes are also beneficial for regulating services of water provision
and purification, due to the groundwater storage, and for carbon storage on beaches
where foredune vegetation is preserved (Barbier et al. 2011). While these regulating
services exist on many beaches in Brazil (Ferreira et al. 2015; Oliveira 2015a; Silva
and Paula 2017), very few studies attempt to quantify and evaluate their relative
importance. In Brazil, Carrilho and Sinisgalli (2018) valued the stored carbon on
organisms of a tidal flat area in southeast Brazil; it was, however, less than 1% of the
value of the total services identified for the area. Whether these figures can reach
higher values on other beach types remains a knowledge gap that deserves to be
investigated.

8.6 Cultural Services

While regulating services related to coastline protection are essential to the mainte-
nance of the beach area, the most acknowledged services are cultural ones. In Brazil,
Romeiro et al. (2014) estimated that cultural ecosystem services respond to 77% of
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the services identified for beaches by the local population. It is not hard to under-
stand the reason. Among coastal environments, sandy beaches are the most welcom-
ing in terms of access to sea and sunbathing and for the development of recreational
activities. Tourists who travel to the beach are generally motivated by a sense of
well-being and quality of life: escaping from daily routines and seeking interac-
tions, inner self-experience, relaxation, and personal attachment (Van der Merwe
et al. 2010; Bell et al. 2015) (Fig. 8.5). Recreational activities include sunbathing
and sea bathing, which is performed by most visitors; the gathering of species, such
as the case of the clam Tivella mactroides on beaches of the state of Sdo Paulo,
southeast Brazil (Turra et al. 2016); and sports practice.

Beach tourism is a significant income source for many coastal cities and a booster
of international tourism. It supports a range of commercial activities, such as sellers
working within the beach area (including beach hawkers, kiosks, and restaurants),
real estate markets, hotel businesses, and supermarkets. Yepes and Medina (2005)
showed that Spanish beaches were responsible for about 11.4% of the country’s
total gross domestic product and 11.2% of direct employment. In the Caribbean,
tourism contribution to the gross domestic product may reach values as high as 74%
(Antigua & Barbuda) and 64% (Anguilla), and even the lowest contributions reach
18% (Bahamas) and 7% (Trinidad & Tobago) (Scott et al. 2012). In the US coastal
states, beaches respond to 85% of the total tourism income (Houston 2008). In the
touristic area of the Great Barrier Reef, Australia, beach-related tourism generates
almost US$ 600 million per year, with an average expenditure of US$ 35.09 per
person on a single visit (Rolfe and Gregg 2012).

Expectedly, the relevance of sandy beaches for tourism and their impact on a
country’s economy will depend on quality, climate, and tourism promotion.
Brazilian beaches are among the most famous in the world and are a primary desti-
nation for tourists. Most national and international travelers go to coastal cities
(MTur 2019). The highest demand for Brazilian tourism agencies is for “sun and
beach” destinations (45.9%) (MTur 2019). Internationally, beaches are the second
most used reference to describe the country (Chagas and Dantas 2009) and the
image most associated with touristic activities in Brazil (Rezende-Parker et al.
2003). Leisure is the motivation for 58% of the total travels to Brazil, of which 71%
are motivated by an interest in visiting Brazilian beaches (FIPE 2018). Beach tour-
ism has great importance to the gross domestic product in Brazil, especially for the
northeast coastal states and states of Rio de Janeiro and Sao Paulo (FIPE 2018). In
2018, tourism generated US$ 152.5 billion, responsible for 8.1% of the country’s
gross domestic product (WTTC 2019).

The potential for beaches to serve as a ground for tourists and recreational activi-
ties depends on beaches characteristics and users profile. Users tend to value safe
and clean beaches (i.e., lack of litter and wrack) with easy access and relevant facili-
ties (Phillips and House 2009; Botero et al. 2013). Domestic tourists seem to favor
characteristics such as the total length of the beach face, whereas international tour-
ists also value cultural activities (Onofri and Nunes 2013). Surfers choice are based
on their hydrodynamics characteristics, preferring exposed beaches with higher
waves, while families prefer beaches with wide intertidal areas (Phillips and House
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Fig. 8.5 Examples of cultural services provided by sandy beaches. (a) Tourism is the main activ-
ity related to sandy beaches and the source of economic income for many coastal cities (state of
Rio de Janeiro, photo: Martins Cardoso/Unsplash) (b) an array of tourism-related economic activi-
ties are carried out in sandy beaches, such as boat ride trips (Arraial do Cabo municipality, state of
Rio de Janeiro, photo: Jonathan Borba/Unsplash); (¢) among the sports practiced in beaches, surf-
ing is likely the most common in Brazil (Ipanema beach, state of Rio de Janeiro, photo: Rafael
Cerqueira/Unsplash); (d) religious activities are also commonly practiced, especially those linked
to the Candomblé€ spiritual entity named Yemanja (Praia das Cabegudas, Itajai municipality, state
of Santa Catarina, photo: Marcus Polette); (e) social projects such as those involving environmen-
tal education are developed in beaches (beach cleaning made by school kids in Bahia, photo:
Banco de imagens Projeto TamarlFundagdo Pré-Tamar); (f) the scenic beauty of beaches are one
of their main assets that trigger tourism and serve as a source for artistic inspiration and improve-
ment of well-being (photo: Alvaro Migotto/Cifonauta)
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2009). In Brazil, a deeper understanding of the link between beach choice and visi-
tor’s profile is still required. However, it is reasonable to assume a similar pattern
and that the choice depends on the user’s motivation. Preliminary studies in Ubatuba
(Pombo et al. 2009) and Guarujd (Silva and Souza 2018) municipalities (state of
Sao Paulo, southeast Brazil) showed that dissipative beaches attract families with
children and people who value infrastructure as kiosks and restaurants, while reflec-
tive beaches attract younger people who engage in sport more frequently.

One of the biggest challenges of beach management is dealing with the trade-off
between tourism development and beach conservation. The urbanization required to
enhance tourist activities (e.g., construction of buildings and hard infrastructure on
the sand) alters the landscape and may damage ecosystem services (Dugan et al.
2008; Defeo et al. 2009). Tourism and urbanization have been related to an increase
in the input of contaminants and marine debris on the sea (Tourinho and Fillmann
2011; Suciu et al. 2017). Tourism impacts also affect beach fauna (Defeo et al.
2009), assemblage richness, and population density (Veloso et al. 2006; Machado
et al. 2017), compromising other ecosystem services related to biodiversity. As pro-
posed by McLachlan et al. (2013), the ideal scenario for managers is to identify,
based on the services provided and the potential for recreation or conservation, what
is the “vocation” of particular sandy beaches. This way, beaches can be individually
selected to be classified and managed as recreational, primarily for conservation, or
as a mixed-use beach (McLachlan et al. 2013).

Beach management must also consider the impacts of other activities or events
on tourism and related economic activities. For example, in late 2019, Brazilian
northeast and southeast beaches were washed by a massive oil spill, considered the
most significant environmental disaster in Brazil (Aradjo et al. 2020). Although the
economic effects are uncertain, impacts on coastal areas were ten times higher than
in inland regions, and the gross domestic product was estimated to decrease by up
to 0.2% (Ribeiro et al. 2020). Additionally, given that the fish trade and tourism sec-
tors were paralyzed, the unemployment of professionals in these sectors increased
(Aratjo et al. 2020). The COVID-19 pandemic aggravated the impact. Less than a
year after the oil spill, the local business and the fisheries communities have to deal
with the pandemic, which led to a massive decrease in the number of people travel-
ing to the coastal regions (Botero et al. 2020). Although these examples are cata-
strophic and unpredictable, the effects on the provision of cultural services by
beaches caused profound impacts on the economy and people’s livelihoods, and
management must develop strategies to circumvent or reduce these problems.

Aside from tourism, beaches also host sports activities and events, including
beach soccer, beach volley, foot volley, squash, surf, and jogging, which populate
wide intertidal zones. Sports such as surfing attract many tourists and represent
annual values as high as US$ 4,229,551 for single beaches (Bosqueti and Souza
2019). Beach sports can also promote social inclusion. Surf schools are established
in many areas and represent a tool for social projects. On the Portuguese coast, for
instance, surf teaching schools are offered to kids and teenagers from foster homes,
with positive effects on the development of social skills and inner knowledge (Matos
et al. 2016). In Brazil, public surf schools promote social inclusion also by using
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surfing boards adapted for disabled people (Siqueira et al. 2020). Similar to surfing,
beach soccer, and volleyball also promote social inclusion and combat harmful
practices (e.g., littering and drug use).

Beaches may also support environmental education activities. On the southeast
Brazilian coast, students and teachers from public schools were presented with ped-
agogical methods to include local beaches as part of environmental activities, aim-
ing to raise awareness and environmental citizenship and engage citizens in the
management of local coastal areas (Santos et al. 2018). Exposing people to activi-
ties in natural ecosystems increases their connection to nature and sense of well-
being (leisure satisfaction) (Rosa et al. 2019). Furthermore, greater exposure can
lead to increased involvement with beach conservation and additional value to
beach ecosystem services. In this sense, beaches can be important places for the
development of ocean literacy principles (i.e., understanding the relationships
between oceans and humans), an experience that has been carried out in Brazilian
schools (Costa et al. 2021).

Beaches are also grounds for the development of practices of religious and spiri-
tual significance. Shells of sandy beach mollusks are culturally relevant for reli-
gious purposes in Brazil. Religious rituals and ceremonies of the Afro-Brazilian
religion, Candomblé, use sandy beach species (nonexclusive) or empty shells, such
as Monetaria moneta and M. annulus, Cassia tuberosa, Anomalocardia flexuosa,
and Stramonita rustica (Léo-Neto et al. 2018). Nationwide people send miniature
boats with candles and white roses into the sea in an offering to Yemanjd (the
Candomblé spiritual entity of the sea) as part of the ritual of New Year’s Eve.

8.7 Identification and Valuation of Beach Services

Information regarding the economic value of ecosystem services can be useful for
decisions that involve understanding how much is being lost or gained by different
services (Costanza et al. 2017). Even with uncertainties surrounding the monetary
estimates, valuation offers a more transparent framework for the decision-making
process (Costanza et al. 2017). Costanza et al. (1997) were not the first, but certainly
one of the most essential earlier studies aiming to evaluate the monetary benefits of
ecosystem services. Although beaches were not directly valued, coastal systems
were estimated to provide US$ 4052/ha/year, mostly from nutrient cycling services,
but also from recreation, culture, disturbance regulation, food provision, and bio-
logical control. From there, the number of studies increased, and an array of tech-
niques has been developed to assess the monetary and nonmonetary value of
ecosystem services (see review by Christie et al. 2012).

Worldwide, scientists and management actors have tried to identify and stipulate
monetary values for market and nonmarket services generated by sandy beaches,
implement policies based on scientific information, and raise awareness of the
importance of preserving this ecosystem. The influential global scale valuation
works by Costanza et al. (1997) (with updates in Costanza et al. (2014)) and de
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Groot et al. (2012) highlight the importance of services provided by coastal systems
and wetlands; however, neither work evaluated sandy beaches individually. To this
end, we need to look into studies focusing specifically on this ecosystem.

Examples of beach service evaluation exist worldwide. On the Central Coast of
Portugal, Alves et al. (2009) estimated that dunes and sandy beaches are responsible
for 47% of the 193 million euros provided by the country’s ecosystem services per
year. They also projected that coastal erosion predicted for 2058 would result in the
loss of 25% of the total ecosystem value, with the most impact being on the services
provided by sandy beaches and dunes (Alves et al. 2009). On the Mexican Gulf
coast, sandy beaches and dunes services of coastline protection and recreation were
estimated to provide US$ 80,459/ha/year, the highest estimated value among other
coastal ecosystems in the area (Mendoza-Gonzdlez et al. 2012). The same scenario
was found in the state of New Jersey, in the United States, where beaches were the
most valuable ecosystem among marine and terrestrial ones, providing coastline
protection and stabilization, esthetical, recreational, cultural, and spiritual services
worth U$ 42,147/ha/year (Liu et al. 2010).

Brazil is the third country in the number of publications on sandy beaches world-
wide (8% of the total), only behind the USA and South Africa (Nel et al. 2014).
However, few studies provide a complete characterization and valuation of beach
ecosystem services. The more common approach in Brazil is the investigation of a
single ecosystem service, such as coastline protection (e.g., Lins-de-Barros et al.
2016; Martins et al. 2017) and tourism potential (e.g., Silva et al. 2018). The major-
ity of these studies were published in local journals or are part of the “gray litera-
ture” (i.e., thesis, reports, and conference annals), which, although essential for
beach management, do not reach the general public and scientific community. There
is also a focus on touristic beaches and services related to economic activities,
which limits the comprehension of the provision of ecosystem services on beaches
with low urbanization and the interaction among services of different categories
(Checon et al. 2022). Nonetheless, there is an increasing trend in the number of
studies (Checon et al. 2022) and some significant contributions assessed services on
Brazilian beaches.

Souza-Filho et al. (2014) investigated the services provided by several sandy
beaches in the state of Bahia, northeast Brazil, and found that natural conditions
affect their services. Beaches associated with adjacent ecosystems such as estuaries
and mangroves were more likely to provide services such as water filtration and
nutrient cycling, and urbanization negatively affected the provision of services such
as coastline protection and food provision (Souza-Filho et al. 2014). The combined
valuation of two beaches in the state of Rio Grande do Norte (Northeast Brazil)
found a maximum value of US$ 62,247/ha/year (Ferreira et al. 2015). Carrilho and
Sinisgalli (2018) identified and estimated the ecosystem services provided by a
coastal bay tidal flat in S3o Paulo (Southeast Brazil), including the four sandy
beaches that surround the tidal flat. The authors identified 13 ecosystem services
provided by this single area. The economic value was estimated at US$ 340, 610.29/
year, mainly due to services of waste depuration, harboring vessels, access to the
sea, and hosting scientific and educational activities (Carrilho and Sinisgalli 2018).
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Economic loss due to degradation and damages have also been estimated. Lins-
de-Barros and Parente-Ribeiro (2018) estimated that sea-level rise and coastal ero-
sion in two highly touristic beaches in the state of Rio de Janeiro (Southeast Brazil)
would result in a monthly loss of US$ 316,622.69 during the nonvacation period,
reaching US$ 1,055,409.00 during the high season. In April 2016, the loss of sand
on Arpoador beach, state of Rio de Janeiro, during a storm resulted in a monthly
loss of US$ 42,216.00 (Lins-de-Barros and Parente-Ribeiro 2018). Based on the
willingness to pay for beach quality, Oliveira (2015b) estimated an annual loss of
US$ 796,660.16 for residents of a neighborhood in the state of Bahia, northeast
Brazil, due to the current degraded status of local beaches. Krelling et al. (2017)
estimated annual losses from US$ 880.000 to US$ 8.5 million in three different
marine litter concentration scenarios in Pontal do Sul municipality (South Brazil).
These values show the importance of understanding the benefits and monetary
worth brought by ecosystem services and what can be lost if the services are com-
promised. Table 8.2 summarizes additional studies that identified and valued gen-
eral or specific beach services (e.g., coastal erosion, tourism) in Brazil.

The willingness to pay (WTP) is one of the metrics commonly used to value
ecosystem services (Christie et al. 2012). The method estimates whether and how
much an individual is willing to pay to protect a given ecosystem and maintain its
services. Understanding this willingness can guide managers to identify and stipu-
late acceptable prices for nonmarket ecosystem services (Nielsen-Pincus et al.
2017). In a study on the state of Ceard (Northeast Brazil), Leite et al. (2019) found
that 54.05% of the local population would be unwilling to pay for ecosystem ser-
vices provided by local beaches, despite recognizing its importance, most citing that
the government should be held accountable for such issues. Those numbers are
lower than studies carried out on beaches of Colombia (70%, Enriquez-Acevedo
et al. 2018), South Florida (USA) (67%, Lindsay et al. 1992), and Turkey (92%,
Birdir et al. 2013); but higher than those obtained for beaches of Liguria (Italy)
(36%, Marin et al. 2009) and Cadiz (Spain) (12.9%, Alves et al. 2015). The willing-
ness to pay is a metric that depends on the political and social context and may also
vary with time (Matthews et al. 2017). Studies on Brazilian beaches with this
method need to be developed considering local particularities, not only to imple-
ment potential management policies but also to understand whether citizens per-
ceive the importance of beaches to human populations.

8.8 Final Remarks

We presented in this chapter an extensive but not exhaustive overview of ecosystem
services provided by sandy beaches, using examples from around the world as well
as in Brazil. The development of this topic is motivated by the need for management
practices to prevent the impacts of the increased pressure on coastal ecosystems.
Ecosystem services have a vital role in the development of such practices and in
raising public awareness about the importance of sandy beaches and other marine
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Table 8.2 Summary of studies that estimated and/or valued sandy beach

Brazilian coast

H. H. Checon et al.

services on the

Ecosystem services
Reference State identified Estimated value Method
Abreu et al. | Alagoas Nonspecified >USS$ 14,767,000/ Travel cost/
(2008)! month WTP
Aratjo et al. | Rio Grande | Food supply, groundwater | — -
(2018)? do Norte retention, high
biodiversity, gene fluxes,
maintenance of soil and
water chemistry,
pollination, carbon
sequestration, dune
stabilization, pollination,
tourist attractions,
well-being, hosting
scientific activities, scenic
beauty, leisure, and
recreation
Bosqueti Santa Surf tourism Revenue from surf Direct
and Souza | Catarina tourism (2018): US$ | expenditure
(2019)>" 2,978,018 (Summer); | method
US$239.119
(Fall+Winter); US$
1,012,416 (Spring)
Carrilho and | Sao Paulo | Food supply, raw US$ 340,610.29/year | Market price/
Sinisgalli materials, harboring cost of
(2018)*>" vessels, sea access, replacement/
protection against project
sea-level rise, scenic valuation
beauty, hosting scientific
and educational activities,
cultural heritage and
topophilia, leisure and
recreation, Satisfaction
from conservation, waste
depuration, carbon
stocking
Carvalho Santa Tourism and surfing Individual expenses | Questionnaire
and Mondo | Catarina for surfing and for assessing
(2010)? tourism: Fuel: US$ | daily
17.75/day (tourist), | expenditure
US% 5.92/day
(locals)
Food: US$ 17.75/day
Rent: US$ 266.27—
473.37 monthly
(locals); R$ 29.58/
day (tourists)

(continued)
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Table 8.2 (continued)
Ecosystem services
Reference State identified Estimated value Method
Ferreira Santa Organic matter supply, - Questionnaire
(2015)? Catarina habitat diversity, sailing for assessing
area, nursery grounds, daily
biomass stock, hydric expenditure
resources, nutrient
cycling, sediment
trapping, shoreline
protection, climate
control, cultural
significance, scenery,
historical value
Ferreira Rio Grande | Food supply, organic USS$ 62,247.00 ha/ | Not informed
et al. (2015)? | do Norte matter input, genetic year
resources, raw materials,
carbon sequestration,
water filtration,
groundwater retention,
climate regulation,
sediment trapping, marine
nursery, leisure and
recreation, tourist
attractions, religious
practices, cultural
heritage, pollination,
nutrient cycling, primary
production
Finco and Rio Grande | Nonspecified US$ 190,692.24/ WTP
Abdallah do Sul month
(2002)!
Freire et al. | Bahia Tourism activities US$ 107.65/tourist | Travel cost
(2008)! (high season) US$
191.38/tourist (low
season)
Krelling Parand Tourism activities (daily | US$ 96.83/trip by Questionnaire
et al. expenditure) second houses for assessing
(2017)>" owners; US$ 83.75/ | daily
trip by tourists expenditure
Lima and Ceara Food supply, sediment - -
Paula trapping, wave
(2017)? dissipation, genetic

resources, raw material,
ecotourism, tourist
attractions, leisure and
recreation, cultural
activities/value

(continued)
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Table 8.2 (continued)

H. H. Checon et al.

Ecosystem services
Reference State identified Estimated value Method
Lins-de- Rio de Tourism activities USS$ 316,622.69/ Market value
Barros and | Janeiro month (low season)
Parente- US$ 1,055,409.00/
Ribeiro month (high season)
(2018)>"
Martins and | Ceard Tourism and cultural US$ 21.84/person; | WTP/WTA
Peres services US$ 764,343.98/year
(2005)*
Medeiros Ceard Coastal and building US$ 918,253.88/year | WTP
and Aratjo protection, recreational (erosion control and
(2010)! and sports activities, beach maintenance)
tourism, surf
competitions, scenic
beauty
Oliveira and | Rio de Inspiration for traditional | — Multimethod
Berkes Janeiro songs and dances; leisure approach —
(2014)>" and recreation; traditional Questionaries
knowledge (related to for services
canoe making by the perception
locals — abandoned
practice); religious
ceremonies; scenery for
TV and cinema; scenic
beauty
Oliveira Bahia Nonspecified. Losses US$ 796,685.92/year | Contingent
(2015a)? estimated due to poor valuation
beach quality
Oliveira Santa Sediment trapping, food |- -
(2015b)* Catarina supply, shoreline
protection, nursery
grounds, wave dissipation,
nutrient cycling and
pollutant assimilation,
groundwater recharge,
genetic resources,
ecotourism, leisure, and
recreation, scenic beauty
Oliveira Rio Grande | Recreational and tourism | WTP: US$ 10.70/ WTP
et al. (2017)% | do Sul activities (valuation person.year. Total:
related to the maintenance | US$ 2,149,063.63/
of the beach for year
recreational use)

(continued)
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Table 8.2 (continued)
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Reference State

Ecosystem services
identified

Estimated value

Method

Reis (2018)° | Pernambuco

Cultural services:
scientific research, scenic
beauty, religion,
recreation, environmental
education, cultural
heritage, ecotourism,
contemplative activities,
sports.

US$ 2.64/person fee
for the quality and
conservation of
environmental and
cultural services

WTP

Romeiro Sao Paulo

etal. (2014)

18 nonspecified services,
related to the food supply,
fish stocks and leisure and
well-being — 77.7%
belonging to the cultural
category

Rio Grande
do Norte

Santos
2017y

Tourism and recreation
activities

US$ 798,774,390.24/
year

Travel cost

Souza-Filho
et al.
(2014)>"

Bahia

Food supply, raw material,
tourist attractions, aquifer
recharge, sediment
trapping, groundwater
storage, pollution
recycling and
assimilation, marine
refuge and nursery,
erosion control, nutrient
cycling, wave dissipation,
genetic resources, site for
food production

Santos et al. | Parand

(2010)!

Nonspecified

US$ 166,480.47/day
(high season)

WTP

Santos- Bahia
Frossard

ctal. (2015)

Nonspecified

USS$ 30,430.89/
month

WTP/WTA

Rio Grande
do Norte

Silva and
Nascimento
(2016)*

Regulation of terrestrial
and marine processes,
coastline protection, flood
control, support for
coastal buildings, habitat
for marine invertebrates,
landscape aesthetics,
sports practice, inspiration
for arts, site for social
development, research,
education and extension

(continued)
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Table 8.2 (continued)

Ecosystem services

Reference State identified Estimated value Method
Silva and Ceara Food supply, sediment - -

Paula trapping, groundwater

(2017)! recharge, wave

dissipation, coastline
protection, site for food
production, ecotourism,
leisure and recreation,
cultural activities/value,
scenic beauty, raw
material, water resources

Toste et al. | Rio de Tourism activities US$ 173,043,010.75/ | —
(2011)! Janeiro year (potential
revenue for the
municipality);
Beach: US$

17,502,904.30/year
(high season: 12.3
mi; low season: 5.2

mi).
Uchikawa | Pernambuco | Nonspecified US$ 4.00/person. WTP
(2008)° month; US$

6,325,878.06/month
for the municipality

Note: 'Conference Proceedings; *Journal; *Report; “Thesis; Monography; (*) denotes English-
language publications. Estimated values are converted to dollars using the currency of the last day
of the year of the publication

ecosystems. As we have seen throughout this chapter, the ecosystem services
approach has been applied to beaches. However, efforts are still needed, especially
considering the need to account for local and temporal variations, which may play
a significant role in the perception of ecosystem value (Matthews et al. 2017).

In regard to the Brazilian coasts, studies assessing the ecosystem services pro-
vided by beaches need to move from the gray literature into the scientific commu-
nity. This would enhance the accessibility and application of this knowledge to
foreigners and even researchers from other regions of Brazil. Another concern is the
notable regional imbalance in beach studies in Brazil. Although ecological assess-
ments of biodiversity are more geared toward the south and southeastern coast,
studies assessing and valuing beach services are carried out mainly on the northeast
coast of Brazil. Such effort is extremely important given the tourism potential and
associated risks of beaches in this region. However, other areas, mainly from the
southeast coast, are under crescent pressure from the development of industrial
activities in coastal areas, but there is a clear gap in the evaluation of ecosystem
services in this region.

We hope that studies along the Brazilian coast follow the increasing worldwide
trend to guide management strategies for protecting these valued, yet threatened
ecosystems. The United Nations Decade of Ocean Science for Sustainable
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Development (2021-2030)! is an opportunity for this. To boost ocean science, pro-
mote worldwide cooperation, and engage society in ocean protection, the decade
can provide the momentum for innovative and applied scientific and technological
development. It is up to those engaged (as scientists and society) to guarantee that
beaches catch this wave!
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Chapter 9
Threats and Impacts

Abilio Soares-Gomes, Ilana R. Zalmon, Phillipe Mota Machado,
and Leonardo Lopes Costa

9.1 Introduction

Sandy beaches are found anywhere along the Brazilian coast, with over 4000
beaches found in the country, comprising 2% of all coastal ecosystems (Muehe
2003; Klein and Short 2016). About 46 million people live on the Brazilian coast,
which extends for more than 9000 km, from 34° S to 4° N latitudes (Dominguez
2009). This huge occupation of the coast and the establishment of industries nearby
the littoral and its watershed threaten Brazilian beaches.

In Brazil, beaches have been particularly jeopardized by oil spills (Marques et al.
2017; Soares et al. 2020), pollution (Teixeira et al. 2012), sewage discharges
(Oliveira et al. 2010; Roth et al. 2016), marine litter (Ivar do Sul and Costa 2007),
overfishing (Bender et al. 2014), heavy metal contamination (Cabrini et al. 2017,
Baeyens et al. 2019), and loss of coastal vegetation (R&go et al. 2018) and dune
habitats (Soares et al. 2022). Coastal development inherent to economic progress
has resulted in extensive changes in coastal ecosystems, especially on sandy
beaches, due to their tourist and recreational importance. These anthropogenic dis-
turbances threaten the maintenance of functions, goods, and environmental services
provided by these coastal ecosystems (Defeo et al. 2009, see Chap. 8).
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Besides direct anthropic impacts, climate change consequences, such as higher
frequency and intensity of storm wave events, cold fronts, and sea-level rise (IPCC
2013), threaten sandy beaches and their biodiversity (Machado et al. 2016, 2019).
This emphasizes that local, regional, and global cumulative stressors impact biodi-
versity synergistically, challenging the prediction of changes in the biodiversity dur-
ing the Anthropocene (Defeo et al. 2021).

Threats to beaches can cause chronic or acute impacts depending on the duration
of their effects. Acute impacts usually result from disaster events, such as oil spills,
but could also happen in programmed interventions such as beach nourishment and
cleaning services. Chronic impacts can be spatially diffuse or restricted. Still, they
are long-standing, usually associated with industrial activities and lack of sanita-
tion, such as the discharge of raw domestic sewage and untreated industrial efflu-
ents, widespread occurrence of marine litter, and effects of human trampling.
Although impacts are usually defined as acute or chronic, they are generally hard to
fit in one or another class or have both attributes. For example, marine litter may be
characterized as an acute impact on a specific beach after a social event such as New
Year’s Eve; however, it is also a chronic impact observed on most sandy beaches
worldwide, even those without human occupation. Similarly, vehicle traffic can be
acute or chronic, depending on intensity and frequency.

In this chapter, we review the main threats and impacts affecting sandy beach
ecosystems. First, we focus on the direct effects of human disturbance on sandy
beach biological integrity. Second, we discuss how impacts related to climate
change may affect sandy beaches. Coastal erosion and its countermeasures, such as
coastal armoring and beach nourishment, are examined next. Then, we move on to
evidence of how indicator species have emerged as an important tool for impact
assessments and monitoring, providing examples of their use along the Brazilian
coast. Finally, we discuss initiatives to mitigate the adverse effects of human activi-
ties and climate change on the biodiversity of these ecosystems.

9.2 Direct Human Impacts

9.2.1 Human Traffic

Continuous human population growth in coastal zones influences the occupation
and recreational use of this environment, promoting considerable changes and
anthropogenic impacts at various temporal and spatial scales (McLachlan and Defeo
2018). Tourism- and recreation-related pressures on sandy beaches include mainly
trampling, vehicle traffic, marine debris through direct littering, and noise pollution
(Schlacher and Thompson 2008; Machado et al. 2017; Leduc et al. 2021). An
increasing number of beachgoers result in cumulative and synergic stressors for
both resident and transient fauna (Corte et al. 2022) (Fig. 9.1a—c).
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Fig. 9.1 Human disturbances on sandy beaches. (a) Tire tracks from vehicle traffic (Grussai
Beach, state of Rio de Janeiro); (b) beach cleaning (Grussai Beach, state of Rio de Janeiro); (c)
harvesting of mole crabs (Praia Seca Beach, state of Rio de Janeiro) (photos: Leonardo Costa); (d)
angling tournament (Peruibe Beach, state of Sdo Paulo) (photo: Rosangela Costa)

Tourism associated with recreational activities is one of the main sources of
chronic disturbances on Brazilian sandy beaches, particularly on the Southeast
coast (Amaral et al. 2016). Due to the intrinsic relationship between benthic fauna
and sediment and the sedentary habit of most species, intense trampling triggers
spatial and temporal changes in these communities (Haynes and Quinn 1995).
Although distinguishing the effects of trampling from generalized impacts is chal-
lenging, several authors have attributed changes in species richness, the abundance
of individuals, and biomass to trampling on Brazilian beaches (Veloso et al. 2006,
2008; Vieira et al. 2012; Machado et al. 2017; Corte et al. 2022), especially for spe-
cies that have no external hard structures like shells and resistant carapaces. For
robust and high-mobile species, such as ghost crabs (Crustacea: Ocypodidae), tram-
pling seems to not result in lethal effects (Costa et al. 2018a, b), although the
increase in the number of beachgoers may be associated with a reduction in crab
abundance because of possible changes in sediment features (Schlacher et al. 2016).
Trampling effects on macroinvertebrates also have negative consequences for
energy flow efficiency and trophic functioning on Brazilian sandy beaches, since
they are preyed on by several fish and bird species and have an important role in
detritus cycling (Costa et al. 2017).

Among uninterrupted recreational impacts on sandy beaches, vehicle traffic has
negative effects on physical features (e.g., sediment compactness, moisture, ero-
sion, and vegetation loss) (Schlacher and Thompson 2008), beach biodiversity
(Schlacher et al. 2007), and species behavior (e.g., home range and excavation)
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(Merwe et al. 2012). Consequently, macroinvertebrates are usually less abundant in
areas with intense vehicle traffic compared to beaches with low traffic (Moss and
McPhee 2006). In Brazil, some studies have shown a reduction in burrow abun-
dance of the ghost crab Ocypode quadrata (Fabricius 1787) and changes in com-
munity patterns attributed to vehicle traffic (Neves and Bemvenuti 2006; Magalhaes
et al. 2009; Bom and Colling 2020). Vehicles can cause direct mortality of both
vertebrates (e.g., turtle hatchlings and shorebirds), and invertebrates (e.g., ghost
crabs) found on the sediment surface (Costa et al. 2020; Santos et al. 2022).
However, studies about spatial and temporal patterns of animal-vehicle collisions
on sandy beaches are scarce in Brazilian sandy beaches.

Human traffic rarely ceases on sandy beaches, but in some cases, touristic activi-
ties are acute, and biodiversity benefits from the partial removal of anthropogenic
stressors (Costa et al. 2017; Costa and Zalmon 2019a). The restriction of beach use
during COVID-19 lockdowns provided a unique opportunity to design observa-
tional experiments aiming to assess the recovery potential of beach biodiversity
from human activities and pollution (Neves et al. 2022). Because of this
“Anthropause” (sensu Rutz et al. 2020), it has been reported an exceptionally low
frequency of beach users, which in turn reduced litter and noise pollution, and
increased invertebrate densities (Soto et al. 2021; Costa et al. 2022a, b).

9.2.2 Harvesting

Harvesting is a common practice for recreational, subsistence, or commercial pur-
poses on sandy beaches worldwide (Defeo 2003). Macroinvertebrates are usually
picked up in intertidal and infralittoral fringe by hand gathering, skin diving, and
with traps and other devices (Fig. 9.1¢). The main targets of beach harvesting are
polychaetes, mole crabs (Emerita spp.), clams (Donacidae, Veneridae, and
Mesodesmatidae), and ghost shrimps (Callianassidae) used mainly as bait for
angling activity or food. There is an increasingly global market based on the use of
macroinvertebrates as bait (Pombo et al. 2018); polychaetes worms from intertidal
zones, for example, can achieve a trading value estimated at US$7 billion year™!
(Watson et al. 2018). This activity is predominantly artisanal and for noncommer-
cial features in Brazil and, at least for now, harvesting has not been considered a
major local disturbance for beach communities (Rech et al. 2021). However, there
are scarce studies about harvesting impacts on Brazilian beaches, although this
activity is commonly seen in YouTube videos showing local anglers teaching how to
collect crustaceans, polychaetes, and mollusks. Scientific studies about the impacts
of bait capture on Brazilian beaches only exist for the ghost shrimp Callichirus
major on the southern and southeast coast, where the species is also traded as bait
(Rosa and Guilheme 2014). In the municipality of Santos (state of Sdo Paulo), the
capture has been forbidden since 1992 by the enforcement of a municipality law
after a decrease in the local population probably caused by overfishing. Indeed,
studies on Brazilian beaches showed a decreasing density of ghost shrimps on
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beaches with extractive activity, which achieves up from 10% to 71% of the total
standing stock (Souza and Borzone 2003; Herndez et al. 2019).

In some cases, artisanal extraction for subsistence or commercial purposes is
considered obsolete by local anglers due to changes in fishery technologies and
market targets, as shown by Owczarzak (2015) with the reduction in the harvesting
of the polychaete Hemipodia californiensis in Santa Catarina. Denadai et al. (2015a,
b) studied the short- and long-term dynamics of harvesting of the bivalve mollusk
Tivella mactroides in Caraguatatuba Bay, southeastern Brazil, and showed that this
clam is intensely harvested by both residents and tourists, amounting to about
25-ton year~!. According to the authors, due to the high local abundance of T. mac-
troides, this harvested volume does not negatively affect the clam population (Chap.
6). However, the authors warned that since the size limit for harvesting is unknown,
an increase in capture pressure might compromise the local beach ecology in
the future.

9.2.3 Fishing

The surf zones of sandy beaches are important sites for recreational angling and
commercial net fisheries (Fig. 9.1d). However, there are scarce data about capture
rates during this activity and the impacts on the fish communities from surf zones,
even when the catch-release approach is applied. Barrella et al. (2016) estimated a
catch of ~4 fish (488 g) per angler per day in the Baixada Santista, state of Sdo
Paulo, corresponding to only 2% of commercial landings. Besides angling, remov-
ing large predators from surf zones in shark control programs to improve swimmer
safety has been performed worldwide. In Brazil, increasing shark accidents after the
construction of a port complex in Recife, state of Pernambuco, led the government
to create specific monitoring and research programs in 2004. Although most of the
programs focused on capturing only potentially aggressive sharks and removing
them from the hazardous area, there is no study about the effects of these strategies
on surf zone fauna. Other harmful threats to sharks and large vertebrates are bycatch
and “ghost fishing,” when nontarget species are incidentally captured by fishing
gears, including lost or abandoned ones (Matsuoka et al. 2005).

9.2.4 Urbanization

Coastal urbanization is usually associated with intense recreational pressures, but it
also imposes other chronic impacts on sandy beaches. This includes habitat loss due
to the removal of dunes and vegetation for the construction of paved roads, build-
ings, and artificial lighting, which is required for nocturnal touristic activities. A
meta-analysis at continental scales, but including mainly Brazilian beaches in the
dataset, showed that the conservation status of the coastal vegetation is closely
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related to higher densities of the ghost crab O. quadrata (Barboza et al. 2021).
Accordingly, despite having some infrastructure facilities, beaches with well-
preserved dunes and backshore vegetation generally support a higher number of
individuals and species (Cardoso et al. 2016). Another problem of coastal urbaniza-
tion is the crossing roads, where vehicles crush various species such as crabs and
turtles attracted by artificial light (Costa et al. 2020).

The introduction of artificial lighting on sandy beach habitats has been consid-
ered an important chronic threat to biodiversity (Duarte et al. 2019; Lynn et al.
2021). Light from natural sources (i.e., sun and moon) plays a central role in eco-
logical processes, including migration, predator—prey interactions, and circadian
rhythms of invertebrates and vertebrates (Gaston et al. 2012). For example, artificial
light imposes negative effects by inhibiting and disrupting sea turtles’ nesting and
hatchlings orientation (Peters and Verhoeven 1994), facilitating the detection of
prey by predators (Rydell 1992; Silva et al. 2017), and changing foraging and
behaviors (Bird et al. 2004). Beach resident fauna includes invertebrates displaying
circadian activities, and recent studies have shown disrupted consumption and
growth rates or lower density of amphipods induced by artificial light (e.g., Luarte
etal. 2016; Lynn et al. 2021). Artificial light also reduced the foraging activity of the
gastropod Olivella minuta in manipulative experiments (Checon et al. 2021).

Similar to the global tendency, most studies about the effects of artificial lighting
on Brazilian beaches have focused on vertebrates, mainly turtles (Kamrowski et al.
2012). As an initiative of the Brazilian National Sea Turtle Conservation Program
(TAMAR), created in 1980, geospatial tools have been developed for the identifica-
tion of critical sea turtle habitats jeopardized by several emerging threats such as
coastal development, including artificial lighting (Lopez et al. 2015). Serafini et al.
(2010) described a simple and efficient method to identify emerged nests with turtle
hatchlings disrupted by artificial light on urbanized sites in Bahia, northeast Brazil.
The Brazilian National Environmental Agency (IBAMA) has established some laws
to protect recognized nesting beaches from coastal urbanization, but in some
regions, environmental laws often fail to protect beaches from this stressor
(Mascarenhas et al. 2004).

Human occupation in dune and berm areas disrupts the interchange of sediment
between the sea and the land through wind- and wave-driven transport, reducing
sediment supply and increasing coastal erosion. On the coast of Espirito Santo,
Southeast Brazil, Albino et al. (2001) reported an intensification of coastal erosion
after the construction of houses and touristic infrastructure on the local dunes.
According to the authors, erosive processes are further intensified in the region due
to its high degree of wave exposure and low presence of rocky outcrops.
Consequently, erosion processes have intensified and threatened the maintenance of
urban infrastructure, stimulating the implementation of management actions that
seem ineffective and ecologically adverse.
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9.2.5 Marine Litter

Sandy beaches are common sites of litter stranding, even in nonurbanized areas,
because of the passive transport by wind, currents, and tides (Corcoran et al. 2009).
Thus, although local urbanization and direct littering by beachgoers are typically
decisive factors for the loss of environmental quality, the sea and landscape charac-
teristics are generally preponderant to local pollution. Distance to land run-offs and
ports, fishery activities, navigation routes, and ocean circulation patterns are among
the regional factors driving the amount of marine litter on Brazilian sandy beaches
(Andrades et al. 2020).

The accumulation of litter in marine ecosystems is devastating, causing various
sublethal dysfunctions or leading many organisms to death, including invertebrates
and megafauna (Derraik 2002). Nowadays, assessing the litter impact on biodiver-
sity, tourism, and even human health is a major global challenge (Rochman et al.
2015). Ingestion, entrapment, and entanglement have been reported as the main
deleterious impact on marine fauna (Derraik 2002). The drift litter is also a pathway
to the invasion of alien species (Barnes 2002).

Brazil produces more than 11 million metric tons of plastic annually and 2.4 mil-
lion are discharged irregularly (WWF 2019). From this mismanaged litter, almost
1 million metric tons reach the ocean transported by rivers or are directly discarded
in coastal areas (Jambeck et al. 2015). As a result, Brazilian sandy beaches are
severely impacted by marine litter. This situation is perhaps most dire on the central
coast of the state of Rio de Janeiro, which has sandy beaches with a higher density
(4 items/m?) of litter, mainly plastics (>80%), than many beaches worldwide (Suciu
etal. 2017) (Fig. 9.2). This high concentration of marine litter on sandy beaches can
discourage beach users, resulting in high economic losses. For example, extreme
scenarios of pollution (15 items/m?) result in US$8.5 million in local losses per year
on beaches of Parand, South Brazil (Krelling et al. 2017). Besides economic losses,
marine litter also affects sandy beach resident fauna through the ingestion of micro-
plastic (<1 mm) (Costa et al. 2019a). The interaction between beach biota and
marine debris in Brazil was first reported by Costa et al. (2018a, b). The authors
pointed out, with an innovative experimental design, the possibility of marine debris
usage by the ghost crab O. quadrata, with selectivity by some types, such as soft
plastic, straw, rope, and foam. This interaction occurs because ghost crabs probably
misidentify (stimulated by food smell) marine debris with food sources (Costa
et al. 2019b).

9.2.6 Microplastics

A large proportion of plastics on sandy beaches have been found as microplastics
(MPs) (<5 mm synthetic polymer particles). MPs are classified as primary when
manufactured initially to a small size (e.g., beads from cosmetic and hygienic
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Fig. 9.2 Different types of plastic are found on Brazilian beaches, threatening the fauna (a) and
(b) cigarette butts and bottle caps found in a single-day survey in Grussai Beach, state of Rio de
Janeiro (photo: Marjorie Suciu); (¢) marine turtle found entangled with a rope in Grussai Beach
(photo: Leonardo Costa); (d) ghost crab holding a plastic spoon in Praia Seca Beach, state of Rio
de Janeiro (photo: Danilo Rangel)

products and pellets for industrial applications) and secondary if fragmented from
larger plastic items (GESAMP et al. 2016). Plastic fragmentation into small parti-
cles occurs effectively due to constant wave abrasion, photodegradation, and turbu-
lence on beaches (Cole et al. 2011), resulting in an enormous variety in size, shape,
color, and polymer type among the secondary marine MPs. Similar to global reports,
MPs are stranded and buried in the sand of Brazilian beaches as fibers, fragments,
styrofoam, and pellets (Costa et al. 2010; Carvalho and Neto 2016). There are evi-
dence that pellets from shallow sediment have a higher concentration and toxicity
potential of polycyclic aromatic hydrocarbons (PAHs) and persistent organic pollut-
ants (POPs), imposing serious environmental risks (Fisner et al. 2013). Although
further integration of beach ecology paradigms into beached plastics studies is still
a global demand (Fanini et al. 2021), some results from Brazilian beaches suggest
that MPs can be mainly accumulated in urban, sheltered, and dissipative beaches
(Martinelli-Filho and Monteiro 2019; Pinheiro et al. 2019; Tsukada et al. 2021).
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Metals are also found adsorbed in plastic pellets from Brazilian beaches closer to
ports (Vedolin et al. 2018). Unsurprisingly, beach invertebrates, both macrofauna
(Costa et al. 2019a), meiofauna (Gusmao et al. 2016), and surf zone fishes (Dantas
et al. 2020) on Brazilian beaches, ingest these MPs, mainly fibers. Synthetic fiber
occurrence in the water and sediment has been attributed mainly to the release from
fabrics during washing and the fragmentation of fishing materials (e.g., trawl nets
and ropes) (Cole 2016). MPs can also act as a vector for the assimilation of adsorbed
contaminants (PAHs, POPs, and metals) into beach organisms, potentially respon-
sible for bioaccumulation and biomagnification in the beach food webs (Chua
et al. 2014).

9.2.7 Beach Cleaning and Grooming

The presence of anthropogenic litter and wrack (natural materials, such as macroal-
gae, seagrass, and invertebrates, that wash onto the beach) on Brazilian sandy
beaches is a reason for beachgoers to visit or not visit a certain beach (Krelling et al.
2017; Suzuki et al. 2021). Consequently, beach cleaning and grooming are common
management actions to maintain the aesthetic values and recreational potential of
urban sandy beaches (Zielinski et al. 2019). For example, Krelling et al. (2017)
reported that the municipality of Pontal do Parand, South Brazil, spent US$200,000
to cleaning a 25 km long stretch of a beach for 53 days.

While beach cleaning and grooming may increase the adequacy of sandy beaches
for tourism, it may also compromise sandy beach biodiversity and functioning.

Beach cleaning promotes acute adverse effects on sandy beaches by removing
wrack and carrion, which are habitat and food sources for several detritivorous
organisms (Dugan et al. 2003). In addition, heavy machines used in cleaning may
directly kill both vertebrates and invertebrates. Thus, in terms of environmental con-
servation, cleaning beaches is not entirely desirable (Defeo et al. 2009). Two studies
reported the potential effects of detritus removal on beach macroinvertebrates in
Brazil. On the coast of Parand, Vieira et al. (2016) found a density reduction in
detritivorous macroinvertebrates, such as the coleopteran Phaleria Testacea, after
removing mangrove propagules from a beach. Similarly, in the state of Rio de
Janeiro, Souza et al. (2017) found that sandy beaches frequently cleaned had a
lower number of burrows of the ghost crab O. quadrata and other detritus-feeder
species. Detritus-feeders such as talitrid amphipods and ghost crabs are important
components of the cycle of organic matter and nutrients on sandy beaches, and their
absence may seriously compromise sandy beach functioning. Furthermore, besides
removing wrack and carrion, beach cleaning and grooming often remove a large
volume of beach sediments, thereby contributing to coastal erosion.



266 A. Soares-Gomes et al.
9.2.8 Organic Pollution

Organic pollutants on beaches generally derive from human settlements and inter-
ventions, such as construction, agricultural activities, and urbanization along the
watershed (Islam and Tanaka 2004). Sewage from industrial and domestic waste, as
well as runoff from agriculture and landscaping fertilizers, is considered one of the
main pollutants in coastal waters, affecting mainly estuarine beaches at regional
scales (Barile 2004; Roth et al. 2016). The organic enrichment of coastal waters
favors the proliferation of bacteria and the reduction of dissolved oxygen near the
shore (eutrophication), affecting the structure and function of aquatic communities
(Valiela et al. 1992). It also fuels harmful algal blooms (HABs), which may release
toxic substances or deplete water oxygen depletion (Chap. 2), thereby compromis-
ing public health, ecosystem function, fisheries, and tourism industries.

More punctual sources of organic pollution, such as domestic and synanthropic
animals (e.g., dogs and pigeons), can contaminate the environment with feces host-
ing some pathogens (e.g., Escherichia coli and Enterococcus spp.) (Aragonés et al.
2016). Although sandy beaches are dynamic ecosystems with constant water and
sediment exchange, there are several Brazilian beaches considered inappropriate for
recreational activities, according to threshold values for coliform concentrations in
the sand (e.g., E. coli) (e.g., Pinto et al. 2012; Davino et al. 2015). Part of these
bacteria is resistant to antibiotics and can lead to serious public health problems
(Cardonha et al. 2004; Oliveira et al. 2010). The consumption of shellfish from
contaminated beaches is a huge concern to food safety in Brazil, as demonstrated by
Denadai et al. (2015a, b) for Caraguatatuba sandy beach.

9.2.9 Trace Elements and Persistent Organic Pollutants

Sandy beaches that receive significant organic input usually have other contami-
nants, such as heavy metals and persistent organic pollutants. Concentrations of
arsenic above the Brazilian standard threshold established by the Brazilian National
Health Agency (ANVISA) for marine sediments (70 mg kg~!) have been found on
some beaches in Brazil, related to anthropogenic sources from metallurgical plants,
phosphate fertilizer plants, and gold and iron mining (Baeyens et al. 2019). On the
other hand, concentrations of other metals (Cr, Zn, Pb, Ni, Cu, Cd, Co, and V) on
Brazilian beaches have been reported under the limits established by ANVISA. Trace
element concentrations in macroinvertebrates were reported as spatially variable
along the Rio de Janeiro coast (Cabrini et al. 2017) because of the diffuse source of
contamination, but the biomagnification has been evidenced in carnivorous species
(Cabrini et al. 2018).

Persistent organic compounds from biocides used in agriculture activities and
antifouling paints can impose adverse effects on beach biodiversity and public
health due to their toxicity. The imposex occurrence on the beach snail Hastula
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cinerea in Sdo Paulo beaches with nautical activities is a further example of how
beach pollution by organic compounds from seascape sources (e.g., Tributyltin-
TBT) threats the resident fauna at the organism level (Ragagnin and Turra 2022).

9.2.10 Oil Spillage

Oil spillage is a typical acute threat that can prompt severe, long-term consequences
for marine organisms on a large spatial scale if cleanup efforts are not properly
adopted. Beaches are vulnerable to oil spillage, but the magnitude of the conse-
quences for biota and cleanup possibilities depends on the oil type (light or heavy),
the state of the oil reaching the beaches (fresh or weathered), and the beach morpho-
dynamic features. Depending on the characteristics of the oil, it can stay in the sedi-
ment surface (<15 cm) or penetrate deeper into the sediment column (>25 cm),
hampering the cleanup efforts, persisting in the environment, and prolonging
changes in the abundance and composition of beach assemblages for weeks to
decades (Benjarano and Michel 2016).

Oil spillages are catastrophic events that shock public opinion for the biological,
social, and economic consequences, but scientific literature on the impacts of oil
spills on beach fauna is scarce (Benjarano and Michel 2016). In Brazil, three studies
were published about the ecological consequences of oil spillage on beach inverte-
brates. Borzone and Rosa (2009) studied the consequences of a spillage that took
place in January 2004 in Paranagud Bay, Southern Brazil, after the Chilean vessel
Vicuiia exploded and sank, leaking 291 tons of bunker fuel oil. Since the authors
had data from the previous survey, it was possible to make a before-after (30 and
120 days) approach to study the impacts on talitrid amphipods. Manual removal of
stranded macrodetritus (oiled or clean) and oil patches from the sand surface was
the cleanup method adopted. Their results showed that the amphipods’ assemblage
structure was not affected by the spillage. Curiously, the increased abundance and
geographical distribution of the talitrid Platorchestia monodi after an oil incident
were attributed to the removal of wrack debris. Before the oil spill, the species was
restricted to three beaches, and after 3 months of the spillage, it expanded to six
beaches. Shimizu and Rosso (2000) studied the influence of oil spill on the abun-
dance of the ghost shrimp C. major in the Baraquecaba beach, state of Sdo Paulo.
Compared to previous data sampled on the same beach, the authors reported a sig-
nificant reduction in densities after the accident that lasted 19 months and was
attributed to the impact of the oil.

In August 2019, thousands of tons of crude oil residue from mysterious sources
began to wash up along almost a 3000-km stretch of shoreline and >980 beaches in
Brazil (Soares et al. 2020). The range of this large-scale acute impact overlapped the
distribution of many vertebrate species, including elasmobranchs, bony fishes, tur-
tles, birds, and marine mammals (see Chap. 5). However, the consequences of this
impact on marine vertebrate biodiversity remain to be discovered. Monitoring and
research strategies to investigate the effects of this disaster have been proposed by
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the Brazilian scientific workgroup of sandy beaches (GTS5), supported by the
Scientific Coordination of the Assessment and Accompaniment of the Oil Spill in
the Brazilian Littoral (GAA). Among the main results, da Rosa (2022) argued that
changes in the macrofauna community after the oil spillage reflected natural fluc-
tuation rather than a response to the disturbance.

9.3 Climate Change Impacts

Coastal ecosystems are among the most vulnerable to climate change effects as they
are subject to terrestrial, atmospheric, and marine environmental impacts. Climate
change may modify the natural features of sandy beach ecosystems, as well as
change the phenology, physiology, distribution, assemblage composition, and spe-
cies interactions of beach biodiversity (Defeo et al. 2009). Nevertheless, the number
of studies investigating the effects of this long-lasting and large-scale stressor on
beach ecosystems is still limited, and most predictions are derived from other sys-
tems. Here, we highlight three main climate-related drivers that are expected to
strongly affect sandy beach biodiversity: temperature, changes in water salinity and
pH, and extreme weather events.

9.3.1 Rising Temperatures

Changes in temperatures may have direct and indirect consequences on coastal eco-
systems. Rising temperatures may directly affect the physiology, distribution, and
interaction of sandy beach organisms (Defeo et al. 2009). The direct influence of
temperature changes may be particularly important on intertidal ecosystems as they
are one of the most thermally variable and stressful habitats on the planet (Seuront
and Cribb 2017). For example, long-term monitoring has revealed that rocky shore
intertidal biota distribution limits have advanced toward the poles at a rate of over
50 km per decade (Southward et al. 1995), and similar results may be expected for
sandy beach species. Nevertheless, the effects of rising temperature may be attenu-
ated in sandy beach ecosystems since most species inhabiting this environment may
seek thermal refugia by burrowing in the sediment (Chap. 4).

Shifts in temperature may particularly affect sandy beach species lacking disper-
sive larval stages, such as peracarid crustaceans, which could have their rates of
range extension outpaced by changes in temperature and become locally extinct
(Defeo et al. 2009). Despite the compelling need to better comprehend the direct
ecological effects of temperature changes on sandy beach biodiversity, a few studies
have investigated this topic, which still represents a significant knowledge gap.

Sandy beach organisms may also be indirectly affected by temperature changes
through changes in planktonic assemblages and sea-level rise. For example, tem-
perature increases have caused major changes in the distribution and structure of
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planktonic assemblages (Southward et al. 1995; Richardson and Schoeman 2004).
Given that planktonic organisms form the base of the coastal trophic web, changes
in planktonic communities are likely to significantly affect sandy beach ecosystems.
Furthermore, rising temperatures are directly associated with sea-level rise, which
may change beach sediments, intensify erosive processes, and alter habitat structure
(Scapini et al. 2019). These changes, in turn, influence the distribution and foraging
behavior of benthic invertebrates and increase the risk of local extirpations (Hubbard
et al. 2014). Sea-level rise also pushed the high-water mark landward, causing
beaches to migrate (Defeo et al. 2009). In areas where this migration is not possible,
such as sites where dunes and berms have been suppressed by human modifications
on the coastal zone, sandy beach habitats will have their area reduced and may even
disappear. A recent global analysis of sandy shoreline dynamics showed that, if cur-
rent greenhouse gas emissions are not reduced, almost half of the world’s sandy
beaches can disappear by the end of the century due to coastal recession driven by
sea-level rise (Vousdoukas et al. 2020).

9.3.2 Changes in Water Salinity and pH

Rainfall increase, predicted in the global climate change scenario (IPCC 2021),
promotes the input of freshwater to coastal regions, which may intensify freshwater
floods, reduce water salinity, and change beach morphodynamic and sediment
organic contents (Laurino et al. 2020). These changes, in turn, can affect larval set-
tlement, recruitment, reproduction, habitat selection, vertical displacement, and
behavior of beach species (Naylor 2010; Laurino et al. 2020). In addition, further
invasion by species tolerant to salinity variations, which compete with resident
ones, can be responsible for decreasing endemic invertebrates’ populations (Fanini
et al. 2017; Scapini et al. 2019). On the coast of Sao Paulo, Laurino et al. (2020)
simulated saltwater and freshwater floods in manipulative experiments to examine
their effects on the vertical distribution of the semi-terrestrial crustacean Excirolana
armata within the sediment. The authors found that both saltwater and freshwater
floods induced a movement of E. armata toward deeper layers of the sediment;
however, fewer individuals reached deeper sediment layers during freshwater
floods. Still, on the Sao Paulo coast, Laurino and Turra assessed small-scale spatial
changes in macrobenthic assemblages related to freshwater influence on three sub-
tropical beaches. Changes in salinity were the only environmental factor explaining
the macrofaunal variations, with lower macrobenthic abundance and richness in
sites close to freshwater sources.

Climate change also impacts water acidity. Human-driven increased levels of
carbon dioxide in the atmosphere lead to more CO, dissolving into the ocean and
lower pH. Carbonate saturation and pH decline can decrease calcification rates and
affect the metabolism and anatomy of sandy beach invertebrates, especially mol-
lusks, and crustaceans (Schoeman et al. 2014; Scapini et al. 2019). Also, pH fluctua-
tions affect the reproductive behavior, sensory capacity, larval settlement, and
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recruitment and foraging activities in marine invertebrates (Lucey et al. 2015;
Duarte et al. 2016; Espinel-Velasco et al. 2018; Scapini et al. 2019). These effects
combined with anthropogenic stressors can exert further impacts, but no studies
have investigated their possible consequences on the beach fauna and ecosystem
functioning in Brazil.

9.3.3 Extreme Weather Events

Increased air and sea temperatures are expected to translate into more frequent and
more severe storms (IPCC 2021). On sandy beaches, such events generate physical
disturbances in the sediment, having direct or indirect effects on macrofauna (Diaz
and Rosenberg 1995). The expected increase in the frequency and intensity of
storms in response to climate change (IPCC 2021) may positively affect benthic
macrofauna, resuspending fine sediment particles, which favors the development of
organisms that consume suspended material and the benthic-pelagic coupling in the
surf zone (Bock and Miller 1995). However, depending on the intensity of the ero-
sive processes that follow the storms, such events can generate sediment defauna-
tion and make it difficult to recolonize the environment (Brauko 2008). Also, storm
waves can generate habitat loss, changes in zonation patterns, and a decrease in the
abundance and diversity of benthic communities (Scapini et al. 2019). Such impacts
can reach more than 20 cm deep into the sedimentary layer, directly influencing the
biological communities that are mainly concentrated in the top 50 cm of sediment
(Goémez-Pujol et al. 2011).

Studies that aim to understand the effects of climate disturbances such as storms
and frontal systems on benthic associations at local and regional scales in coastal
regions have been performed worldwide (e.g., Posey et al. 1996; Aagaard et al.
2005; Houser and Greenwood 2007). However, despite the long Brazilian coast, a
few studies have evaluated the influence of extreme events, such as flooding and
storm waves.

The comparison of the resilience of benthic communities to storm wave events
on beaches with distinct human pressures has been the main approach targeting to
predict the effect of climate change on Brazilian sandy beach biodiversity (Sola and
Paiva 2001; Gallucci and Netto 2004; Cochda et al. 2006; Brauko 2008; Alves and
Pezzuto 2009; Machado et al. 2016, 2019). A study in the state of Santa Catarina
(Southern Brazil) showed that upper-shore detritivorous species take advantage of
storms due to the increase of natural debris thrown onto the beach by the waves
(Alves and Pezzuto 2009). Besides, passive transport by wave action and swashing
might be responsible for the increase in species density with limited mobility capa-
bility, which is distributed in the lower intertidal and infralittoral fringe, such as the
polychaetes H. californiensis, Pisionidens indica (Aiyar and Alikunhi 1940), and
Nemertea (Saloman and Naughton 1977; Hughes et al. 2009). Corte et al. (2017)
showed that the community from a tidal flat recovered within a short time (weeks
to months) after storms, highlighting that most species typical of sedimentary
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shorelines are, to some degree, resilient to short-term changes in wave energy. It
should be considered, however, that urbanization might impair the communities’
resilience to natural stochastic events since recovery after erosion processes seems
to be slower on urbanized coasts (Harris et al. 2011; Witmer and Roelke 2014).

Machado et al. (2016) evaluated the effect of the interaction between natural
extreme events (storm waves) and urbanization on the macrofauna community on
the Rio de Janeiro coast and found that urban beach community has less resilience
when compared to nonurban beaches, indicating that high storm wave events and
increasing urbanization synergism are a threat to the macrofauna. The authors also
showed that the dominant species E. brasiliensis was characterized mainly by juve-
niles after storm events, mainly in a nonurbanized beach, probably as larval devel-
opment anticipation and recruitment in response to the intensification of
hydrodynamics. Similarly, Machado et al. (2019) found that the interaction between
storm waves and urbanization impacted the abundance of O. quadrata burrows neg-
atively and suggested that this species is more vulnerable to the combined effects of
extreme climatic events and urbanization. Table 9.1 shows the main results of sev-
eral studies evaluating the effects of extreme events on macrofauna on sandy beaches
worldwide. The results highlight that the urbanized environment is more susceptible
to these events and the importance of natural disturbances in the benthic intertidal
dynamics of pristine sandy beaches. More recently, Oliveira and Yokoyama (2021)
verified that storm wave events combined with urbanization can reduce the recruit-
ment and increase mortality of O. quadrata on the coast of Sao Paulo. The authors
also suggest that storms may increase O. quadrata migration to the upper shore,
which can constitute an ecological trap, considering that coastal vegetation is usu-
ally crossed by roads.

Effects of extreme weather events such as storm waves and cold fronts on sandy
beach ecosystems may be even higher in urbanized areas. Storms and urbanization
may act synergistically and further affect the environment and biodiversity of sandy
beaches. To better understand and predict the impact of urbanization and extreme
events on sandy beach ecosystems, gathering data over time, including periods
before and after storms, is of utmost importance. Nevertheless, long-term monitor-
ing of sandy beaches is scarce, and these ecosystems are rarely considered in
conservation plans and coastal management initiatives (Harris et al. 2014).

9.4 Coastal Erosion, Armoring, and Beach Nourishment

Erosion is a global phenomenon impacting sandy beaches worldwide. It is a conse-
quence of several threats discussed earlier in this chapter such as climate change
(sea-level rising and storminess), coastal urbanization, and anthropogenic modifica-
tions at local scales (e.g., cleaning and grooming, sand mining, and engineering
interventions). From 1984 to 2016, about 24% of the sandy beaches in the world
were eroding at a rate greater than 0.5 m year™! (Luijendijk et al. 2018). Increasing
erosive processes are registered along the whole Brazilian coast, with higher rates
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Table 9.1 List of studies that evaluated the effects

communities of sandy beaches

A. Soares-Gomes et al.

of extreme weather events on benthic

Days after each

Authors Country | Event Intensity | event Major results
Crocker (1968) | USA Hurricane | High 2 days (Event | Reduction in
I); 16 and amphipods abundance
30 days (Event
1)
Saloman and USA Hurricane High 1,2,3,6,9, 14, | Increased richness and
Naughton and 28 days recruitment of Emerita
1977) talpoida
Hughes etal. | USA Hurricane | High 6 days Increased richness,
(2009) diversity, and
opportunistic species
abundance
Witmer and USA Hurricane | High Monthly Higher resilience of
Roelke (2014) samplings the macrofauna at
nonurbanized beach
Jaramillo et al. | Chile Tsunami High ca. 30 days Restoration of
(2012) intertidal habitat
followed by rapid
colonization of mobile
species on armored
beaches
Harris et al. South Storm High 47 days (Event | Higher resilience of
(2011) Africa waves I); 15 days the macrofauna at
(Event II) nonurbanized beach
Cochoaetal. | Brazil Cold front | Low/ 1 day Changes in zonation
(2006) moderate pattern
Alves and Brazil Cold front | Moderate | 2 and 4 days Increasing
Pezzuto (2009) (Event I); detritivorous species
2 days (Event | (Excirolana
1) braziliensis) density
on reflective beach
Machado et al. | Brazil Storm Low/ 15 and 42 days | Event I: Increasing
(2016) waves moderate | (EventI); 28 community numerical
and 42 days indicators at
(Event IT) nonurbanized site
Event II: Increasing
detritivorous species
(Excirolana
braziliensis) density at
the urbanized site
Rodil et al. Chile Earthquake | High Monthly Rapid colonization of
(2016) samplings crustacean populations

after an earthquake in
upper and mid-shore
armored levels

(continued)
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Table 9.1 (continued)
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Days after each

Authors Country | Event Intensity | event Major results
Corte et al. Brazil Storm High 2 days after Decrease in species
(2017) waves events richness, abundance
and biomass of
invertebrate
assemblages. Recover
within a few weeks
Giil and USA Hurricane | High Monthly Population decline of
Griffen (2019) samplings 0. quadrata after
hurricane, mainly
adult crabs
Machado et al. | Brazil Storm Low/ 4-5 days before | Population decline of
(2019) waves moderate | event; 15 and 0. quadrata after
30 days after events
events
Mathews and | USA Hurricane | High Yearly Decreased burrows
Maccarone (decline in human
(2019) activities after the
hurricane). Reduction
in the size of crabs
Sugumaran India Cyclone High Daily, during Meiofauna declined
et al. (2019) 10 days after the cyclone with
recovery after a week
Carneiro et al. | Brazil Heatwaves | Moderate/ | 43 days — Heatwave promoted
(2020) and cold high experimental the population decline
spells conditions of Anomalocardia
flexuosa
Gunasekaran | India Cyclone High 1 day Gastropod and bivalve
etal. (2021) mortality
Oliveira and Brazil Storm Low/ 3-5 days Population declining
Yokoyama waves moderate of O. quadrata after
(2021) most events
Quintero- Caribbean | Hurricanes | High 2 months after | Decreased diameter
Torres and hurricanes burrows of O.

Lépez-Sanchez
(2022)

quadrata after events

Table modified from Machado et al. (2016)

in the northern region near the Amazon River mouth (Luijendijk et al. 2018). An
iconic case in Brazil is Atafona Beach located at the mouth of the Paraiba do Sul
River, state of Rio de Janeiro, where tens of houses have been destroyed by erosion
as well as by foredune migration (Muehe 2006). To protect the coast against ero-
sion, managers usually rely on two engineering initiatives: coastal armoring and
beach nourishment. Although both approaches may indeed mitigate coastal erosion
or restore the sandy beach dynamics, they are also linked to ecological impacts that
threaten sandy beach biodiversity.
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Coastal armoring can be defined as the use of physical structures (e.g., breakwa-
ters, groynes, jetties, seawalls, and dikes) to protect shorelines from coastal erosion.
It is commonly used in sites where homes, commercial buildings, and infrastructure
are located very close to the shore. In the states of Rio Grande do Sul and Espirito
Santo, for example, coastal erosion has hampered tourism activities and threatened
urban infrastructure, leading to the construction of containment structures (Esteves
and Santos 2002). On the coast of the metropolitan region of the Fortaleza munici-
pality (state of Ceard, Northeast Brazil), there are more than 70 coastal engineering
interventions for erosion control, approximately half of which are armoring
(Paula 2015).

Among the ecological effects of coastal armoring, the most important is the loss
of habitats for several upper shore species, such as the ghost crab on the Sdao Paulo
coast (Pombo and Turra 2019), and a reduction in the turtle nesting area. Shorebirds
can also be harmed by reduced foraging area and prey availability due to habitat loss
(Dugan et al. 2003). In addition, it is worth mentioning the visual impacts that
armoring structures can generate (Griggs 2005), affecting the tourist potential of a
coastal area.

The impacts of armoring depend on the type of material used, the size of the area
covered, and the coastal environmental characteristics. Although there is no clear
definition, it is considered that the use of vertical concrete walls generates greater
impacts than the inclined revetment, especially impacts related to beach access,
since seawalls make this process difficult (Griggs 2005). In armored beaches, pas-
sive erosion processes can also occur in both seawalls and revetments, culminating
in the reduction of the volume of sand on the beach, especially in front of the struc-
tures (Griggs 2005). In the long term, this effect becomes increasingly significant,
and it is hardly mitigated except by continuous beach nourishment strategies.

Beach nourishment is the artificial widening of the sand stripe by adding sand
onto the beach. This process is often used to protect urban infrastructure (e.g., build-
ings and walkways) from wave impact in sites where the dynamic of sand accretion
and erosion is unbalanced. Because hard structures such as breakwaters and sea-
walls (i.e., coastal armoring see below) may cause more problems than solutions
regarding coastal protection (sometimes increasing rather than stopping the erosion
process), beach nourishment is considered a “soft” engineering intervention
(Martins and Pereira 2014) and preferable for either prompt remediation or long-
term protection of shore (Colosio et al. 2007). Sand nourishment is increasingly
used as a “nature-based” solution; however, its effectiveness is also limited because
the erosive forces of waves, storms, and rising sea levels do not disappear after
nourishment takes place, requiring significant natural resources and replenishment
over time. Recently, studies have suggested a combination of shoreface nourish-
ment with coastal vegetation restoration to reduce coastal erosion (Chen et al. 2022).

In Brazil, the iconic Copacabana beach (RJ) was artificially nourished by the
offshore dumping method between the end of 1960 and the beginning of 1970
(Figs. 9.3 and 9.4), widening the sand stripe from 55 to 140 m for touristic reasons
and erosion control (Vera-Cruz 1972). Very recently, large nourishment was done
on Camburit (state of Santa Catarina) and Iracema (state of Ceard) beaches.
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Fig. 9.3 View of the walkway of Copacabana beach in 1920s, near the Copacabana Palace Hotel,
with the advanced erosive process before the nourishment performed to protect the coast. (Source:
https://redesina.com.br/historia-do-bairro-copacabana/)

e,

Fig. 9.4 Copacabana beach before (left) and after (right) the nourishment performed at the end of
1960 and beginning of 1970. (Source: Digital collection Afro-Brasileiro Flickr)

Theoretically, beach invertebrates can tolerate the harsh environment and the
impacts caused by nourishment should be minor (e.g., Danovaro et al. 2018).
However, impacts related to beach nourishment have been reported worldwide and
include the burial of shallow reefs and degradation of other beach habitats, depress-
ing nesting in sandy vertebrates (Chap. 5), and reducing the densities of invertebrate
prey for shorebirds, surf fishes, and crab (Peterson and Bishop 2005; Fanini et al.
2009). Unfortunately, studies on the ecological impacts of beach nourishment are
scarce along the Brazilian coast. The only study in Brazil (state of Santa Catarina)
regarding the environmental impacts of beach nourishment showed acute mass mor-
tality of the beach-dwelling mollusk 7. mactroides and other 17 species, probably
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produced by the mechanical impact of the hydrological dredge of sand, burying,
increased water turbidity, and chemical contamination (Pezzuto et al. 2006). At
Copacabana Beach, people attribute the disappearance of some local species to
nourishment or pollution, but the real cause is hard to establish due to the absence
of previous studies and monitoring programs. Media reports by ancient beachgoers
state that before nourishment activities, the mole crab Emerita brasiliensis (Schmitt
1935) was abundant on Copacabana beach, but it is a rare beach dweller nowadays
(Instituto Aqualung 2016). Some researchers suggest that nourishment is the cause
of mole crab rarity (O Globo 2014), but there are no scientific data to support this
hypothesis.

The use of both coastal armoring and beach erosion as alternatives to mitigate
coastal erosion remains a very complex issue with many gaps in understanding.
Although considered a necessity in many coastal regions, these strategies still divide
expert opinions. Considering local stressors and climate change predictions at the
continent—ocean interface, greater efforts are necessary to develop management
strategies that affect less the beach dynamics and the ecosystem resilience and
preclude the coastal squeeze.

9.5 Indicator Species

The use of macroinvertebrates as indicator species for monitoring beaches has been
proposed as a low-cost/benefit ratio strategy since their abundance is predictably
affected by environmental impacts (ecological-disturbance indicator species) or
they accumulate pollutants in their tissue (sentinel species and biomonitors)
(Fig. 9.5). Globally, ghost crab species have been used as the main indicator species
of urbanization and vehicle traffic impacts. Sandhoppers (Crustacea: Talitridae) are
also commonly tested as indicator species of both physical (trampling) and chemi-
cal (trace elements) impacts on sandy beaches (Costa and Zalmon 2019b, c; Costa
et al. 2021).

The indicator potential of macroinvertebrates has also been tested on the Brazilian
coast. Almost all taxa investigated responded negatively to human disturbances,
being less abundant in urbanized beaches than in periurban and pristine beaches
(Fig. 9.6).

The ghost crab Ocypode quadrata is especially sensitive to impacts from vehicle
traffic (Neves and Bemvenuti 2006; Magalhaes et al. 2009) and beach cleaning
(Souza et al. 2017). Trampling is considered the main causative agent of decreasing
abundance of the sandhopper A. brasiliensis (Veloso et al. 2006, 2008, 2010;
Cardoso et al. 2016; Machado et al. 2017) and other sedentary macroinvertebrates,
such as the polychaetes H. californiensis and Scolelepis spp. (Machado et al. 2017),
and the crustacean isopod, such as Excirolana spp. (Veloso et al. 2011; Vieira et al.
2012). However, the occurrence of all aforementioned species is not necessarily an
indication that beach biodiversity is not affected by trampling. The effects of tram-
pling depend on their frequency and intensity in addition to the species’ traits; acute
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Fig. 9.5 Representatives of the sandy beach fauna, composed primarily of invertebrates, usually
considered good bioindicators of chronic and acute impacts. (a) Tiger beetle Cylindera nivea; (b)
ghost crab Ocypode quadrata; (¢) polychaete Hemipodia californiensis (photos: Leonardo Costa);
(d) sandhopper Atlantorchestoidea brasiliensis (photo: Julyana Madureira)

trampling limited to the high touristic season seems less adverse than chronic ones
(Costa et al. 2017; Costa and Zalmon 2019c¢). It is important to notice, however, that
it is difficult to isolate trampling effects from generalized and broader urbanization
impacts and those that may act synergically to affect benthic species (Machado
et al. 2017; Costa and Zalmon 2019a).

Monitoring of sandy beach biodiversity is especially facilitated by the low-cost
sampling of species that construct burrows, such as ghost crabs and ghost shrimps,
and surface-active species, such as tiger beetles (Insecta: Cicindelidae) (Costa and
Zalmon 2019a). Abundance can be easily estimated by burrow counting (for ghost
crabs and ghost shrimps) and direct counting (visual census) during periods of sur-
face activity of large taxa such as ghost crabs and tiger beetles (Costa and Zalmon
2019a, b). Brazilian authors have advanced in proposing novel methods targeting to
minimize limitations in counting ghost crab burrows. Measurement of depth and the
“burrow resetting method” are the main strategies to deal with spatial-temporal
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Fig. 9.6 Response of ecological-disturbance indicator taxa to human stressors on sandy beaches.
Small dots are response ratios calculated as the log of the quotient of the mean value recorded for
impacted sites divided by the mean value at corresponding nonimpacted sites from surveys carried
out on Brazilian beaches. Vertical lines inside the boxes are the median values and boxes are the
interquartile range. Dots inside boxes are mean values. The vertical dashed line is the null value
(RR =0). Dots on the left and the right of the vertical dashed line represent the negative and posi-
tive effects of human disturbances, respectively

variability and unpredictability in burrow occupation rates (Pombo and Turra 2013,
2019). The last method consists of sampling the same areas twice; the first time cor-
responding to the traditional counting, after then the burrows’ surface is gently cov-
ered with sand and reassessed after 12-24 h; then only reopened burrows are
counted again (Pombo and Turra 2019). Interestingly, by using the burrow resetting
method, studies have shown that traditional burrow counting usually overestimates
ghost crab population sizes, mainly on low-urbanized beaches (Pombo and Turra
2019; Costa et al. 2021). Other macroinvertebrates still lack alternative tools for
easy and nondestructive sampling for effective and rapid monitoring of human
impacts on Brazilian sandy beaches, and so far, ghost crabs are the main indicator
species in Brazil (Fig. 9.7).

As multiple stressors simultaneously affect beaches, the relative importance of
each one has been difficult to reveal using indicator species through correlative
studies. Another concern of using indicator species is the scarce information on how
human disturbances interact with natural habitat conditions to yield specific faunal
responses. Although all species among the main indicator taxa respond negatively
to increasing urbanization on Brazilian beaches, the effects can depend on the mor-
phodynamics (Fig. 9.8). In general, for taxa closely related with the intertidal zone
and subject to its hydrodynamic harshness, such as the sandhopper A. brasiliensis,
the cirolanids Excirolana spp., and the mole crab E. brasiliensis, stronger negative
responses have been found on nondissipative beaches than on dissipative ones
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Fig. 9.7 The ghost crab Ocypode quadrata is the main indicator of human impacts on Brazilian
sandy beaches. (a) Ghost crab constructing a burrow in the dirt road (photo: Leonardo Costa); (b)
ghost crab interacting with marine debris (photo: Julyana Madureira); (c¢) ghost crab burrow at
night (photo: Julyana Madueira); (d) ghost crabs entangled in fishing gear (photo: Leonardo
Costa); (e) juvenile ghost crab feeding on the talitrid Atlantorchestoidea brasiliensis (photo: Vitor
Arueira)

(Fig. 9.8). Contrarily, for the ghost crab, which dramatically depends on the supral-
ittoral to thrive, the negative effect of increasing urbanization is apparently more
consistent on dissipative beaches than on nondissipative ones (Fig. 9.8). Costa et al.
(20224, b) found similar patterns at global scale (considering family taxonomic
resolution) and proposed the Cumulative Harshness Hypothesis, which predicts
higher sensitivity of beach macroinvertebrates to human disturbances when inhabit-
ing a harsher physical environment according to their life histories. The differential
effects of human disturbances on macroinvertebrates related to beach morphody-
namics suggest that the efficiency of these ecological-disturbance indicators for
beach monitoring can be context-dependent.

Macroinvertebrates have been rarely evaluated as biomonitors of pollutants on
Brazilian sandy beaches despite their high potential to accumulate metals, micro-
plastics, and other contaminants (Rainbow and Phillipst 1993). Generally, carnivo-
rous species have higher heavy metal concentrations than other trophic guilds, but
the accumulation seems to be more related to proximity to urban areas and morpho-
dynamic characteristics along the coast than to trophic features (Cabrini et al. 2017,
2018). A single study showed that the ghost crab O. quadrata ingests plastics, but
its indicator potential is not evident due to the high trophic plasticity and, conse-
quently, ingestion of MPs from multiple punctual sources (Costa et al. 2019b).
Monitoring of pollutants in Brazil using beach species is less applied compared to
other parts of the world.
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Fig. 9.8 Response ratios of macroinvertebrates (Ocypode quadrata, Atlantorchestoidea brasilien-
sis, Excirolana spp., and Emerita brasiliensis) to human disturbances, discriminated by local
beach morphodynamics (dissipative vs. nondissipative). Response ratios were calculated as the log
ratio of the mean value of impacted sites and the mean value of the corresponding nonimpacted sites

9.6 Mitigating Actions

Beaches subjected to anthropogenic pressures are more refractory to ecosystem
conservation, demanding management interventions to mitigate the negative effects
of human actions on their biodiversity and environmental characteristics. Coastal
managers are usually not engaged with beach ecologists. Consequently, beach man-
agement has focused almost exclusively on interventions to maintain coastal defense
(e.g., beach armoring and nourishment) or on the tourism economy (e.g., beach
cleaning) worldwide (Schlacher et al. 2008). Unfortunately, Brazil is no exception,
and management actions on Brazilian beaches are not based on ecological require-
ments. Here, we propose mitigation actions that might reduce some impacts listed
throughout this chapter, although they have not been tested concerning their
efficiency.

(i) Pollution: educational signs and initiatives that raise awareness about the
impacts of solid waste and promote the concept of “leave no trace” to beachgo-
ers may reduce the amount of solid waste on sandy beaches. The disposal of
more waste containers along the shores could also be beneficial in this matter.
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Diffuse sources of organic and chemical pollutants (sewage, metals, and micro-
plastics) are difficult to mitigate and the reduction of these impacts must be
based on emission control policies and monitoring (e.g., filters); creating
mechanisms aiming to ban the use of plastic items (cups, cutlery, straws) by
the beach kiosks and hawkers’ commerce leading to achieve a state of “no
local plastic littering.”

(ii) Recreational activities (tourism): beach zoning to maintain pristine beaches as
biodiversity hotspots; areas with restricted access and controlled number of
visitors. The control of the number of visitors must be based on studies about
the ecological and social carrying capacity of sandy beaches with distinct mor-
phodynamics (Defeo et al. 2009). Although vehicle traffic on beaches is pro-
hibited in Brazil, surveillance of wide coastal strips is challenging. Thus, the
presence of surveillance radars to punish vehicle traffic and the use of natural
obstructions (e.g., trunks) to reduce vehicle speed and avoid fauna crushing
could be alternative mitigation actions.

(iii) Erosion: protection of dunes and backshore areas, restoring programs of beach
vegetation; nourishment must be prioritized instead of beach armoring; nour-
ishment project should use similar sediment (grain size) from unpolluted areas
to avoid changes in beach dynamics (erosion/accretion equilibrium); and con-
tamination by toxic and pathogenic components from exogenous sand
(Peterson et al. 2000; Rippy et al. 2013).

(iv) Beach cleaning: to prioritize manual cleaning by trained professionals and use
nonselective tools (e.g., rakes with less space between the tines) to avoid
restricting the removal of large litter; not remove natural detritus (wrack, fish,
and invertebrates carcasses), only in unusual cases of large accumulation that
induce persistence of indicator microbes and some pathogen (Zielinski et al.
2019); when detritus removal are necessary, mechanical grooming must be
restricted to small tourist beach stretches (Defeo et al. 2009). In the case of
acute pollution by disasters (e.g., oil spill), beach cleaning must be also man-
ual, removing oiled detritus and patches of oil from the sand surface (Borzone
and Rosa 2009).

In conclusion, sandy beaches are important ecosystems for maintaining coastal bio-
diversity and human societies, and many coastal cities depend on their goods and
services. Therefore, integrated management plans to reduce the impact of human
activities on urbanized beaches and protect pristine areas are necessary to sustain
their tourism value and preserve their functioning. To resolve these ecological prob-
lems over the short- and medium-term, specific legislation to protect sandy beach
ecosystems, combined with fines and enhancement of ecological awareness, is
probably the best alternative. A challenging but urgent need is the dissemination of
information in a more simplified and accessible speech by beach ecologists, aiming
to attract more attention from beach users and funding to protect this threatened
ecosystem. Conservation plans based on ecological shortcuts (indicators, keystones,
umbrellas, and flagship species) must also be prioritized in future studies facing the
scarcity of financial support for long-term research, beach complexity, and the need
for fast decisions.
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9.7 Final Remarks

The number of Brazilian beach ecology experts has been continuously increasing
over the past 20 years, leading to one of the most prolific scientific communities in
the world in the number of publications (see Nel et al. 2014). However, the result of
the literature review performed to write this chapter warns us of the need for
increased efforts to comprehend Brazilian beaches’ functioning better. Some threats
affecting these ecosystems are still poorly studied, such as those caused by coastal
armoring and beach nourishment, whose use is expected to rise because of the
increasing erosion rates resulting from direct anthropic activities and climate
change. The potential of beach litter to cause diseases and its long-term effect on
dune vegetation, the impact of beach cleaning practices, and the role of harvesting
and fishing on beach biodiversity are also topics that should be further investigated.
Studies on threats and impacts on sandy beach ecosystems, including long-term and
multidisciplinary studies, are essential for guiding management and conservation
initiatives by stakeholders and necessary to cope with the challenges that global
changes are imposing on humankind.
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10.1 The Importance of Sandy Beaches

Before you go through this chapter, try a quick exercise: Picture yourself looking at
the sea. Take a moment to listen to the sound of the waves. Notice the shades of
blue/green and the seeming infinity of the ocean. Where are you standing? Most
people would answer: “The beach.” However, even if you are one of the few that
would instead look from a different point of view, like an elevated cliff or mountain,
or through a higher window or balcony, it would not be risky to assume that a beach
is also part of the scenario. Be it pristine and remote, or lively and full of people; be
its waves low and soothing, or high and energetic; be it a place for spiritual prac-
tices, sports training, daily work, leisure, or purely inspiration, beaches populate our
imagination and are the coastal ecosystem more densely used by humankind
(Schlacher et al. 2007).
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From a geomorphological point of view, sandy beaches can be defined as sedi-
mentary deposits, predominantly sandy fractions, formed by the action of waves
and/or tides (Mclachlan and Defeo 2017). However, beaches are so much more than
that. They support ecosystem services related to coastal protection and maintenance
of biodiversity and conservation, provide for human leisure and recreation, and have
an undisputed role in human well-being (Williams and Micallef 2009; Sardd and
Azcarate 2018; Chap. 8). As the gateways to the sea, beaches have a prominent role
in fostering ocean literacy and making humans understand the importance of con-
serving the ocean (Santoro et al. 2017).

Human activities on the coastline have shaped beaches throughout history
(Willians and Micallef 2009). These activities and how society understands and
perceives beaches affect their management (Williams and Micallef 2009; Cervantes
et al. 2018). According to Brazilian National Coastal Management Plan, beaches
are “the area periodically covered and exposed by water, including the subsequent
strip of deposited material such as sand, gravel, pebbles, and boulders, up to the
limit where natural vegetation starts or, in its absence, another ecosystem begins”
and are an asset for common use and free access to the people (Brasil 1988a). This
definition, focusing on the emerged part of the beach, is the base for Brazilians’
relationship with beaches, which makes them one of the most democratic spaces in
the country.

Brazil has many beaches with a diverse combination of morphodynamic fea-
tures, conservation status, uses, and cultural occupation patterns (Chap. 1). Despite
their numerous benefits and economic relevance, Brazilian beaches are under differ-
ent chronic pressures and high risks (see Chap. 9). Coastal cities are growing as
people are attracted to coastal areas. Major enterprises modify shoreline and coastal
dynamics. Climate change increases the number of storm surges ravaging our
coasts. In 2019, the largest oil spill to reach the Brazilian coast uncovered the fragile
situation of Brazilian beaches’ management: not only were management agencies
slow in taking action, but they were also unprepared to deal with the crude oil,
increasing impacts on biodiversity and marginalized and vulnerable coastal com-
munities (Magris and Giarizzo 2020; Soares et al. 2020). Such a situation raises the
questions that inspired this chapter: How are Brazilian beaches being taken care of?
Can current practices guarantee that future generations experience them as we do?
Will we have healthy beaches providing benefits to people over this century?

This chapter presents an overview of the environmental status and the scientific,
legal, and institutional basis for beach management and conservation in Brazil. By
reviewing management approaches and four case studies, we identify the main chal-
lenges compromising beach conservation strategies and the main opportunities for
novel approaches. These general principles are the foundation of ecosystem-based
management (EBM), which can foster a more comprehensive and robust beach
management system in Brazil.
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10.2 Conservation Status and Threats to Brazilian
Sandy Beaches

Brazil has one of the most diverse beach collections in the world. The Brazilian
coastline extends for over 9000 km, and beaches occupied 82,778 ha of coastal
ecosystems (0.5% of the total coastal ecosystems area) according to a 2012 data
survey (Prates et al. 2012)." Diversity strikes as their dominant characteristic,
extending over tropical and subtropical zones and subjected to a range of waves,
wind, and tide regimes (Chap. 1). Brazilian sandy beaches vary from tide-dominated
to wave-dominated, with multiple intermediate classes (Prates et al. 2012; Amaral
et al. 2016; Chap. 1); have different conservation statuses (Prates et al. 2012); sup-
port diverse economic, cultural, and recreational uses (MMA 2015; Chap. 8); and
face different threats (Strohaecker 2008; Nicolodi and Petermann 2010; Chap. 9)
(Fig. 10.1).

By 2012, protected areas regulated by the National Protected Areas System
(from Portuguese, Sistema Nacional de Unidades de Conservagdo, SNUC — Brasil
2000) covered 24% of the Brazilian beaches area (Table 10.1). This percentage has
increased since (ICMBio 2020), but by then, it had already surpassed the 10%
national target for coastal ecosystem protection,? the Aichi Targets,> and the
Sustainable Development Goals (SDG 14.5).*

Despite the degree of protection, the conservation of Brazilian beaches still faces
many obstacles. Implementation and management of marine protected areas are two
of the most significant challenges to marine conservation in Brazil (Silva 2019),
especially within sustainable-use protected areas (equivalent to IUCN Category
VI), which represent the majority of protected areas on beaches. As multiecosys-
tem areas, beach management is often pushed into the background of the

! Giving coastal dynamics, we understand that actual values diverge from this estimate.

2Conabio Normative Resolution 03/2013. Available at: https://www.mma.gov.br/images/
arquivo/80049/Conabio/Documentos/Resolucao_06_03set2013.pdf (Accessed: 02.mar.2020)

3Aichi Target 11: By 2020, at least 17 percent of terrestrial and inland water, and 10 percent of
coastal and marine areas, especially areas of particular importance for biodiversity and ecosystem
services, are conserved through effectively and equitably managed, ecologically representative and
well-connected systems of protected areas and other effective area-based conservation measures,
and integrated into the wider landscapes and seascapes. Available at: https://www.cbd.int/aichi-
targets/target/11 (Accessed: 02.mar.2020)

*Sustainable Development Goal 14: Conserve and sustainably use the ocean, seas and marine
resources for sustainable development. Target 14.5: By 2020, conserve at least 10 percent of
coastal and marine areas, consistent with national and international law and based on the best avail-
able scientific information. Available at: https://sustainabledevelopment.un.org/sdgl4 (Accessed:
02.mar.2020)

STUCN Category VI are Protected areas that conserve ecosystems and habitats, together with asso-
ciated cultural values and traditional natural resource management systems. They are generally
large, encompassing many ecosystems, with most of the area in a natural condition, where a pro-
portion is under sustainable natural resource management and where low-level nonindustrial use
of natural resources compatible with nature conservation is seen as one of the main aims. Available
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BRASIL: land and marine territory Equatorian Amazon Coast

- - macro-tidal regime North Northeast
General characteristics, -TD (AP/PA), TM (PA/MA) - meso-tidal
conservation status, and WD (MA) beaches - TM, TD and WD beaches,
main drivers of change - beach area’: 8.253 ha (89%) | depending on exposure

- low population density

- ;Iriwgrs or change:
drbanization; tourism
- very low to medium
vulnerability-._

- presence of sandy ridges and
dunes

- beach area: 7.317 ha (15,5%)

- low (P1) to medium (CE, RN}
population density

£ drivers of 'Qhange: tourism, real
:-Istate specul}:ﬁan; shrimp farming;
"ol exploitation

- low t6 medium vulnerability

and vulnerability of
coastal areas

East Northeast
- sfieso-tidal regime
-TD
,-‘-' presence of sandy coves, shallow
< shelf edges, and sandstone reefs
- beach area: 3.275 ha (21,4%)
- medium population density

Coastal Management® - drivers of change: tourism; real
B Advanced i state speculation; shrimp farming
[ Intermediate "~ medium vulnerability
Early ¥ .:
Absent -East
== No data ¢ - meso-tidal regime
-WD
- presence of shelves, arched
-déltas-and dune fields
- beach area: 22.732 ha (20,5%)
- medium to low (south BA and
South north ES) population density

- micro-tidal regime
- wave-dominated beaches
- beach area: 31.909 ha (7,3%)

- drivers ofichange: tourism; real
", state speﬁulation: shrimp farming;
il explaitation (SE)

[ Southeast
“~micro-tidal regime

- medium to low (RS) - }MD,_:I_'M and TD {FTRJ beaches - low to medium vulnerability
population density - indentend coastaline (RJ/SP)

- drivers of change: port, naval - beach area: 9.238 ha (41,6%)

and other indrustrial activities; - medium to high population density

urbanization; tourims; fishing; - drivers of change: port and industrial

acquaculture; shrimp farming; activities, urbanization, tourims, oil

- medium (5C) to low (RS) exploitation

vulnerability - medium to high vulnerability

1 - Coastal Management: refers to stage of elaboration and implementation of the Ecological-Economic Zoning (Nicolodi et al.,
2018).

2 - Beach area: in brackets the percentage of area under protection by protected areas (Prates; Gongalves; Rosa, 2012).

3 - Population density and vulnerability are higher in areas close to larger cities (e.g., state capitals) in all coastal sectors.
Brazilian states: AP - Amapd; PA - Pard; MA - Maranhdo; Pl - Piaui; CE - Ceard; RN - Rio Grande do Norte; PB - Paraiba; PE -
Pernambuco; AL - Alagoas; SE - Sergipe; BA - Bahia; ES - Espirito Santo; RJ - Rio de Janeiro; SP - S3o Paulo; PR - Parand; 5C -
Santa Catarina; RS - Rio Grande do Sul.

Beach types: WD - Wave dominated; TM - Tide-modified; TD - Tide-dominated (Chapter 1).

Other data: tidal regime: Klein; Short (this volume); population dynamics and drivers: Strohaecker (2008); vulnerability:
Nicolodi; Petermann (2010); marine territory: Brazilian Navy.

Fig. 10.1 Brazilian six coastal sectors and marine territory (dotted line representing the Exclusive
Economic Zone and the extension of Brazilian Continental Shelf) indicating: beach ecosystems’
general characteristics, conservation status, main drivers of change, vulnerability classifications,
and degree of implementation of the Ecological-Economic Zoning in coastal states. (Source: Made
by the authors based on references listed in the figure)



10 Beach Management and Conservation in Brazil: Challenges and Opportunities 295

Table 10.1 Total beach area (Beach Area, ha) and beach area included in protected areas
considering no-take (No-take), sustainable use (Sust. Use), and the total amount (total area and as
a percentage of beach area) of protected beach areas in each Brazilian Coastal State (BCS)

Beach area as protected area (ha)
BCS Beach area (ha) No-Take Sust. Use IUCN VI Total (%)
AP 183 143 - - 143 (78.2)
PA 1560 - 831 - 831 (53.3)
MA 6510 102 1051 5222 6375 (97.9)
PI 786 - - 455 455 (57.8)
CE 4009 131 48 86 265 (6.6)
RN 2576 - 161 256 417 (16.2)
PB 754 14 11 95 120 (15.9)
PE 993 - 11 275 287 (28.9)
AL 1528 - 56 236 292 (1.1)
SE 987 257 - 286 543 (55.1)
BA 6374 52 897 2585 3533 (55.4)
ES 15,371 - - 579 579 (3.8)
RJ 4251 509 125 778 1412 (33.2)
SpP 4126 309 302 1520 2131 (51.7)
PR 861 226 - 71 297 (34.4)
SC 5986 185 - 1875 2061 (34.4)
RS 25,923 271 - - 27 (1.0)
Total 82,778 2199 3493 14,319 20,011 (24.17)

Emphasis is given to the area covered by extensive multiple-use and multiple ecosystems protected
areas (IUCN VI), which include beaches but do not focus on their conservation

Translated from Prates et al. (2012)

Brazilian Coastal States: Amapa (AP), Para (PA), Maranhdao (MA), Piauf (PI), Ceard (CE), Rio
Grande do Norte (RN), Paraiba (PB), Pernambuco (PE), Alagoas (AL), Sergipe (SE), Bahia (BA),
Espirito Santo (ES), Rio de Janeiro (RJ), Sdo Paulo (SP), Parana (PA), Santa Catarina (SC), e Rio
Grande do Sul (RS)

management of such extensive sustainable use areas (Vianna and Xavier 2014).
Therefore, not only is it necessary to increase the effectiveness and implementation
of protected areas but also promote integrated management since Brazilian beaches
face many threats related to terrestrial and marine activities (Amaral et al. 2016;
Chap. 9) outside SNUC ruling.

Coastal development (the land-use changes related to urbanization and coastal
infrastructures) is one of the main threats to sandy beaches (MMA 2015; Amaral
et al. 2016). Coastal areas concentrate most of Brazil’s largest human aggregations
(Oliveira and Nicolodi 2012), and the growth rate of coastal cities is higher when
compared to other areas (De Andrés et al. 2018; Gongalves et al. 2020a). Coastal
infrastructure related to real estate activities, marine ports, and oil production has
altered the shoreline, affected coastal dynamics, and modified landscapes and

at: https://www.iucn.org/theme/protected-areas/about/protected-area-categories (Accessed: 03.
jun.2020)


https://www.iucn.org/theme/protected-areas/about/protected-area-categories
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ecosystems (Strohaecker 2008; Amaral et al. 2016; Chap. 9). Tourism development,
a significant income for coastal cities (MTur 2019), intensifies the demand for infra-
structures such as restaurants, hotels, roads, and second housing, fostering urbaniza-
tion and its impacts (Strohaecker 2008; Willians and Micallef 2009; Chap. 9).

Coastal development is also a significant source of land-based marine pollution
related to urban and industrial waste (including marine litter) and mining and agri-
cultural activities in the river basins that drain into the sea (Harris et al. 2015). In
Brazil, 55% of the population has access to proper sewage treatment, 18% have
their sewage collected but not treated, and 27% have no sewage treatment (ANA
2017). Tourism season increases up to ten times the number of people at the coast
(Cabral 2015) and overloads sewage and waste treatment plants (MMA 2015).
Income asymmetry and real estate speculation intensify this problem as they drive
the most vulnerable people (including the traditional population) away from areas
closer to the sea to vulnerable or risk areas (Cristiano et al. 2018). Unplanned coastal
occupation threatens the coastal environment and the population that lives in areas
subjected to flooding, landslides, and poor sanitation conditions (Nicolodi and
Petermann 2010; Polette and Lins-de-Barros 2012).

Marine-based activities — such as oil exploration, maritime transport, and the
recreational use of motor vehicles and boats — are additional pollution sources
(Defeo et al. 2009). Marine pollution is diffuse and demands coordinated local,
national, and international management. International litter driven by ocean cur-
rents to Brazilian beaches (Possatto et al. 2015) and the 2019 oil spill (Magris and
Giarizzo 2020; Soares et al. 2020) demonstrate the influence of transboundary
activities and processes on sandy beaches. Beach pollution impacts tourism activi-
ties (Krelling et al. 2017) and other relevant provisioning (as the ones related to
fishing and harvesting) and cultural services (as the maintenance of traditional prac-
tices) (Amaral et al. 2016; Magris and Giarizzo 2020).

Climate change impacts inflict additional challenges to beach management. Sea-
level rise; regime shifts for wind, wave, and precipitation; storms and temperature
extremes; and decreased sedimentary contribution of river basins threaten beach
uses and services (PBMC 2016). Climate change can also increase beach erosion
(McLachlan and Defeo 2017). Many beaches risk disappearing, trapped between a
rising sea and urban structures (Schlacher et al. 2007; Pontee 2013). Impacts related
to climate change affect beaches directly and are anticipated to reinforce the exist-
ing urbanization and pollution impacts. As ocean water advances toward urbanized
areas, coastal communities have their territory flooded, water and sewage pipelines
are damaged, buildings structures are compromised, and water supplies are prone to
salinization (Nicolodi and Petermann 2010; Polette and Lins-de-Barros 2012).

Threats to beaches are diverse, complex, and have multiple sources and overlap-
ping and synergic impacts (Chap. 9). Such a scenario demands an approach to beach
management that is equally complex, diverse, and integrated to provide long-term
sustainability for beach ecosystems.
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10.3 Beach Management in Brazil

Brazil has 17 coastal states and 443 coastal municipalities,® of which 295 have mari-
time beaches.” The beach management system comprises a collection of policies
and initiatives that will be as efficient as their capacity to integrate efforts toward
beach sustainability. Brazilian law defines beaches as national heritage/patrimony
(Federal Constitution/1988, Article 20 — Brasil 1988b) and assets for common use
and of free access to the people (Brasil 1988a) that cannot be sold or transferred
(Brasil 2002). As part of the coastal zone, beach management is under the umbrella
of the integrated coastal management system coordinated by the Brazilian Ministry
for Environment. It is also subject to the General Office of National Heritage/
Patrimony of the Ministry of Planning, Budget, and Management as a national pat-
rimony. As sites for other uses and activities, sectoral policies and regulations affect
beach management (e.g., water resources, mining activities, or waste management).
At the local level, the municipal ruling affects beaches, and social initiatives toward
coastal and beach conservation are gaining momentum. This section presents some
of the central Brazilian policies and initiatives related to beach management and
case studies that illustrate their challenges (Fig. 10.2).

10.3.1 Brazilian Public Policies Directly Related
to Beach Management

10.3.1.1 The National Coastal Management Plan

The National Coastal Management Plan (Plano Nacional de Gerenciamento
Costeiro — PNGC, Federal Law 7.661/1988) (Brasil 1988a) is the core institution®
for coastal zone’ management in Brazil. It sets the foundation for an integrated
management and establishes its objectives, principles, instruments, goals, and
responsibilities. The Coastal Management Integration Group (Grupo de Integracdo
do Gerenciamento Costeiro — GI-GERCO) coordinates the plan implementation at
the federal level. It comprises representatives from federal ministries, research and

“Instituto Brasileiro de Geografia e Estatistica, list of coastal municipalities: https://www.ibge.gov.
br/geociencias/organizacao-do-territorio/estrutura-territorial/34330-municipios-costeiros.
html?edicao=34336&t=0-que-e. (Accessed: 20.jul.2021)

"List by the General Office of National Heritage/Patrimony of the Ministry of Planning, Budget.
Available at: https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-
imoveis/gestao-de-praias/tagp-e-normativos/tagp-e-normativos. (Accessed: 20.jul.2021)
$Institutions are defined here as formal or informal rules, policies, norms, conventions, and codes
used by society and government to organize and/or regulate their actions (Epstein et al. 2015).
°The Brazilian Coastal Zone is the area in the air-sea-land interface, including renewable and non-
renewable resources. It comprises the geographical area of coastal municipalities (terrestrial part)
and the Territorial Sea (12 nautical miles from the water baseline) (Brasil 2004).


https://www.ibge.gov.br/geociencias/organizacao-do-territorio/estrutura-territorial/34330-municipios-costeiros.html?edicao=34336&t=o-que-e
https://www.ibge.gov.br/geociencias/organizacao-do-territorio/estrutura-territorial/34330-municipios-costeiros.html?edicao=34336&t=o-que-e
https://www.ibge.gov.br/geociencias/organizacao-do-territorio/estrutura-territorial/34330-municipios-costeiros.html?edicao=34336&t=o-que-e
https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/tagp-e-normativos/tagp-e-normativos
https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/tagp-e-normativos/tagp-e-normativos
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A change in focus: from coastal zone to beach management

Coastal Zone Municipality Coastline
PNGC Projeto Orla Procosta
Municipal beach
| management |

| PCLM |

| Other sectoral policies |

Certification Schemes
Surfing Reserves

Images: Coastal Zone - ©2020 Google; Municipality - ©2020 Maxar Technologies, Data SI0, NOAA, U.S NAVY, NGAM GEBCO;
Coastline - ©2020 Maxar Technologies and ©2020 TerraMetrics; Beach - ©2020 Maxar Technologies.

Fig. 10.2 Coastal and beach management approaches described in Sect. 10.3. Public policies:
PNGC — National Coastal Management Plan (Plano Nacional de Gerenciamento Costeiro, Federal
Law 7.661/1988); Projeto Orla — Project for the Integrated Management of the Coastline (Projeto
de Gestdo Integrada da Orla Maritima, Federal Decree 5.300/2004); Beach Municipalization
Process (Federal Law 13.240/2015 and SPU Ordinance 113/2017); Procosta — National Program
for Coastline Conservation (Programa Nacional de Conservacdo da Costa (Ordinance of the
Ministry of Environment 76/2018); and PCLM — Plan to Combat Marine Litter (Plano de Combate
ao Lixo no Mar — Brasil 2019b), and other sectoral policies that apply to the whole country; and
social initiatives: Certification schemes and Surf Reserves. (Source: MP personal files)

education bodies, the private sector, environmental nongovernmental organizations,
and municipal and state governments (Gongalves et al. 2021). Its diverse and inclu-
sive composition targets sectoral integration, decentralization, and democratization.
GI-GERCO plans and implements coastal management through the Federal Action
Plans for the Coastal Zone (Planos de Acao Federal para a Zona Costeira— PAF-ZC),
a strategic instrument to define actions and priorities, foster shared responsibility,
strengthen institutions, and promote capacity building and adaptive coastal manage-
ment. PAF-ZC is periodically accessed and revised, contributing to an adaptive
coastal management system. The most recent edition, the IV PAF-ZC,' includes
actions related to beach management policies described in the following sections.

"For the versions of the PAF-ZC visit: https://www.mma.gov.br/biomas/amaz%C3%B4nia/
item/8962-plano-de-a%C3%A7%C3%A3o-federal-para-a-zona-costeira-paf_zc.html (Accessed:
17.mar.2020).


https://www.mma.gov.br/biomas/amaz%C3%B4nia/item/8962-plano-de-a%C3%A7%C3%A3o-federal-para-a-zona-costeira-paf_zc.html
https://www.mma.gov.br/biomas/amaz%C3%B4nia/item/8962-plano-de-a%C3%A7%C3%A3o-federal-para-a-zona-costeira-paf_zc.html
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Over 30 years, PNGC has increased the institutionalization and democratization
of coastal management at the lower administrative levels (MMA 2015). However,
some obstacles remain: PNGC instruments are unevenly implemented or have never
been implemented, as in the Environmental Quality Report for the coastal zone."!
While some states have advanced in implementing the Ecological-Economic
Coastal Zoning, others are in very early phases (Nicolodi et al. 2018, 2021). Even
when implemented, low social engagement and financial and power constraints
challenge the effectiveness of management instruments and plans (Klumb-Oliveira
and Souto 2015; MMA 2015; Santos et al. 2019).

Within GI-GERCO and PAF-ZC, divergent sectoral perceptions and interests
challenge institutional articulation and collaboration leading to sectorized and con-
tentious actions (MMA 2015; Santos et al. 2019). GI-GERCO’s works with Sectoral
integration was compromised by the Presidential Decree n°® 9.759/2019 (Brazil
2019a), which extinguished the vast majority of decision-making or public partici-
pation forums. Therefore, GI-GERCO has been, since 2019, nonoperant (Goncalves
et al. 2021).

10.3.1.2 The Project for the Integrated Management of the Coastline

The Project for the Integrated Management of the Coastline (Projeto de Gestdo
Integrada da Orla Maritima — Projeto Orla — Federal Decree 5.300/2004 — Brasil
2004) is a planning instrument for integrating environmental, urban, and heritage
policies; articulating national, state, and municipal governments with civil society;
and promoting new mechanisms for social participation and control for coastal
sustainability (MMA and MPO 2006). It also represents an effort toward beach
management decentralization. Working at the coastline,'> Projeto Orla directly
affects beach management and connects a beach’s submerged and emerged areas.
The Ministry for Environment and the General Office of National Heritage/
Patrimony jointly coordinate the Projeto Orla as one of the priorities for coastal
management (see Goals 9 and 13 of the IV PAF-ZC).

Projeto Orla’s implementation starts with the voluntary application of the coastal
municipality and follows the phases of elaboration, approval, implementation, eval-
uation, and revision of the Coastline Integrated Management Plan, including the
celebration of the necessary cooperation agreements between the federal and local
government (MMA and MPO 2005). The plan builds on an assessment of the coast-
line to develop possible future scenarios; once a desirable scenario is chosen for

! Scattered information about the coastal zone is presented on the overall Brazilian Environmental
Quality Report (Relatério de Qualidade do Meio Ambiente - RQMA) periodically published by the
Brazilian Environment Ministry. RQMA available at: https://www.gov.br/ibama/pt-br/assuntos/
noticias/2020/ibama-convida-especialistas-para-participar-da-elaboracao-do-rqma-brasil-
2020/20201229EscopodoRQMA2020.pdf

12Coastline in Brazil ranges from 10 m deep (seaward) to 50 m (urbanized areas) or 200 m (non-
urbanized areas) inland, measured from the mean high tide or coastal ecosystem edge (Brasil 2004).


https://www.gov.br/ibama/pt-br/assuntos/noticias/2020/ibama-convida-especialistas-para-participar-da-elaboracao-do-rqma-brasil-2020/20201229EscopodoRQMA2020.pdf
https://www.gov.br/ibama/pt-br/assuntos/noticias/2020/ibama-convida-especialistas-para-participar-da-elaboracao-do-rqma-brasil-2020/20201229EscopodoRQMA2020.pdf
https://www.gov.br/ibama/pt-br/assuntos/noticias/2020/ibama-convida-especialistas-para-participar-da-elaboracao-do-rqma-brasil-2020/20201229EscopodoRQMA2020.pdf
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each coastline stretch, the municipality outlines the strategies for implementing,
monitoring, evaluating, and performing necessary changes to the identified solu-
tions to local conflicts (MMA and MPO 2006).

Projeto Orla implementation is a multilevel collaboration. The Coastline National
Coordination in the Ministry of Environment and the Coastline State Committees
assist municipal governments by providing technical support, monitoring the pro-
cess, and analyzing the Coastline Integrated Management Plans. At the municipal
level, governmental actors work with local stakeholders to elaborate the plan and
establish the local Coastline Management Committee (the local participatory group
responsible for implementing and coordinating the plan), which must be validated
by local society in a public hearing and later formalized by a municipal regula-
tory act.

Although the Projeto Orla has been the leading national policy for beach man-
agement for over 20 years (Cristiano et al. 2018), its implementation is relatively
poor: few State Committees are formalized (MMA and MPO 2008), few munici-
palities have implemented the Coastline Integrated Management Plans (MMA and
MPO 2008; Oliveira and Nicolodi 2012), and greater social involvement is required
(Oliveira and Nicolodi 2012; Silva and Soriano-Serra 2016). The lack of financial
resources, trained personnel, and incentives for extensive development of the
Projeto Orla through the Brazilian coast represent significant implementation chal-
lenges (Oliveira and Nicolodi 2012; Scherer 2013; Klumb-Oliveira and Souto
2015). Additionally, a more robust institutional basis is needed to force and foster
local governments to go through with the process and overcome the lack of institu-
tionalization at the local level that tends to limit processes to the elaboration phase
(see Case Study 10.1; Scherer 2013).

Case Study 10.1 - Projeto Orla in Itapema, Santa Catarina
The city of Itapema, in the state of Santa Catarina, started a process to imple-
ment Projeto Orla in 2003 and has since then revised, expanded, and updated it.
The first Coastline Integrated Management Plan (Plano de Gestdo Integrada
da Orla, PGI), proposed for the “Canto da Praia” region in 2003, was over-
ruled for failing to involve social actors (Pinto 2014). In 2008, after two years
of participatory workshops and meetings, a new PGI was elaborated, includ-
ing the central area of the municipality, the Parque Linear Calcadao (Silva and
Soriano-Serra 2016), and the Orla Management Committee was created (but
not institutionalized). Unfortunately, this PGI was also not implemented.
From 2009 to 2010 and in 2012, meetings were held to implement the Orla
Management Committee and revise the PGI. A new version was elaborated
for the whole coast of Itapema. This new process’ implementation was ham-
pered by social demobilization related to the noninstitutionalization of the
Municipal Committee and by changes in municipal government, which para-
lyzed the process (Silva and Soriano-Serra 2016).

(continued)
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Case Study 10.1 (continued)

In 2019, the PGI underwent a new revision within the municipalization of
beach management. The municipal government has approved the new
PGI. However, it still needs to be approved by the State and National Orla
Committees (Itapema 2019). Up to July 2022, the Orla Management
Committee was not created (personal information).

Through the years, the Projeto Orla in Itapema has faced several chal-
lenges that hampered its implementation, from the lack of social participation
in the first PGI (in 2003) to the lack of institutional measures for implement-
ing the municipal Orla Management Committee and the PGI (2007-2012).
Affected by limited resources and governmental changes, Project Orla has not
yet completed an entire implementation cycle, after which other challenges
related to monitoring and adapting the proposed actions are expected.

10.3.1.3 The Second Wave of the Beach Management
Municipalization Process

The municipalization process is based on the transfer of the right and responsibility
for oceanic (not continental freshwater) beaches management from the federal to
the municipal government (Federal Law 13.240/2015 — Brasil 2015; SPU Ordinance
113/2017 — Brasil 2017). Given the limited success of the Projeto Orla toward
municipalization, an additional effort was promoted by the Federal Ordinance
113/2017 (Brasil 2017), which formalized and regulated the transfer of beach man-
agement to municipalities. The process is coordinated by the General Office of
National Heritage/Patrimony in collaboration with the Ministry for Environment,
academia, municipalities, and civil society as part of the IV PAF-ZC (Goal 13).

The municipalization promotes an unprecedented focus on beach management.
It offers financial incentives by granting municipalities the rights to revenues from
sanctions and the onerous uses of beaches and federal properties under municipal
administration. As part of the process, municipal governments must implement/
review Projeto Orla, which is expected to trigger a new and more stable cycle for
this project, consequently fostering social participation and control in beach
management.

Most challenges faced by the municipalization processes are the same as for
Projeto Orla, but the process is gradually being structured as it gains momentum.
Since 2017, 139 municipal governments have requested and 75 have obtained man-
agement rights over their oceanic beaches.!® A series of training workshops have

13 Official data from MPOG/SPU, last updated on 27/06/2022. Available at: https://www.gov.br/
economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/56-
planilha-municipios-tagp-27-06-2022.pdf. (Accessed: 20.jul.2022)


https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/56-planilha-municipios-tagp-27-06-2022.pdf
https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/56-planilha-municipios-tagp-27-06-2022.pdf
https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/56-planilha-municipios-tagp-27-06-2022.pdf
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been organized (through 2018-2019) to clarify the rights and responsibilities
entailed by the municipalization and the role of each partner in the process, bringing
different government levels close to each other. The official yearly report template
was disclosed in January 2019, and — although many municipalities are behind
scheduled to deliver it'* — delivered reports are expected to monitor the process and
identify bottlenecks. Some municipalities have already started implementation and/
or revision of the Projeto Orla (Itapema 2019).

10.3.1.4 The National Program for Coastline Conservation

The National Program for Coastline Conservation (Programa Nacional para
Conservacao da Linha de Costa—Procosta, Ordinance of the Ministry of Environment
76/2018) (Brasil 2018a) is a permanent program for territorial planning and man-
agement that aims to foster adaptation measures based on quality information to
minimize climate change impacts and preserve coastal ecosystem (MMA 2017). It
is an instrument of the Brazilian National Plan for Adaptation to Climate Change
(Plano Nacional de Adaptagdo a Mudanca do Clima — PNA) (MMA 2016) that
operationalizes the plan at different levels (Xavier et al. 2022). The program is a
priority action (Goal 5 from the IV PAF-ZC) to promote climate change adaptation
in Brazil, stated as a voluntary commitment’ in the 2017 United Nations World
Ocean Conference to comply with SDG 14 of the 2030 Agenda.

The Ministry for Environment planned to coordinate Procosta through a working
group within the Coastal Management Integration Group. The Procosta working
group integrates different federal agencies (including the ministries, secretariats,
and the navy), states and municipal governments, civil society (including the private
sector, nongovernmental organizations, and sectoral representatives), and research
and data management organizations. Municipalities and research organizations
were considered a fundamental part of the program, acting as partners for develop-
ing instruments and procedures and testing them in situ.

Procosta is structured by four strategic subprojects with specific goals, as follows:

e Alt-Bat: define a reference level for the measurement and representation of ter-
restrial (altimetry — Alt) and submarine (bathymetry — Bat) landscapes. From
this, the project was planned to establish the exact limit of the country’s coast-
line, the first step for characterizing maritime land'® and monitoring the coastline
and sea-level rise.

14 Official data from MPOG/SPU, last updated on 27/06/2022. Available at: https://www.gov.br/
economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/extratos-
dos-termos-de-adesao. (Accessed 20.jul.2022)

SOCEAN ACTION 19679. UN Website. Available at: https://oceanconference.un.org/
commitments/?id=19679. (Access 15 Mar. 2020).

1 According to PNGC, maritime lands are federal lands, located between the imaginary line of
mean tides and 33 meters inland.


https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/extratos-dos-termos-de-adesa
https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/extratos-dos-termos-de-adesa
https://www.gov.br/economia/pt-br/assuntos/patrimonio-da-uniao/destinacao-de-imoveis/gestao-de-praias/extratos-dos-termos-de-adesa
https://oceanconference.un.org/commitments/?id=19679
https://oceanconference.un.org/commitments/?id=19679
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* Projection of future coastlines and identification of hazards: apply computer
modeling to predict changes to the Brazilian coastline under different climate
change scenarios.

* Coastal risks and adaptation strategies: assess potential socio-environmental
and economic risks for the coastal zone and propose strategies for preventing and
adapting to these risks.

* Monitoring and management for the conservation of the coastline: support long-
term monitoring and management of the coastline and foster a procedural culture
that prioritizes safeguard measures based on scientific data and uncertainties.

Procosta is being implemented along the Brazilian coast at a slow pace.
Researchers have been developing methods to establish the reference levels for
altimetry and bathymetry (Quetzalcdatl et al. 2019) and testing modeling software
to predict future coastline impacts (Ohz et al. 2020). Pilot studies mapped coastal
attributes as geodiversity, morphodynamic, and coastal development risks for spe-
cific sites in the states of Rio de Janeiro, Pard, Espirito Santo, Pernambuco, and
Maranhao (Maia 2019). Two guiding publications were launched: the “Panorama of
Coastal Erosion in Brazil” (Brasil 2018b), which updates the national data on ero-
sive processes and applied solutions to control and prevent beach erosion; the
“Guidelines for Prevention and Protection of Coastal Erosion” (Brasil 2018c¢),
which provides guidelines and criteria for coastal interventions based on prevalent
coastal process, indicating where intervention is more likely to bring positive results
(e.g., beach nourishment, coastal protection interventions).

Procosta, launched in 2018, was affected by changes in federal government ori-
entation and priority. Research projects are responsible for most of the reported
advances, carried out as local and regional study cases in specific sites. The histori-
cal and ongoing budget cuts to research (Angelo 2019) might jeopardize Procosta’s
implementation and the country’s capability to adapt to climate change. A strategy
to foster and broaden its implementation to all Brazilian states and municipalities is
necessary and must consider ensuring qualified personnel, technical and financial
resources, incentives and support from the federal government, and technology and
information transfer among states and municipalities.

10.3.1.5 The Plan to Combat Marine Litter

The Brazilian Plan to Combat Marine Litter (Plano de Combate ao Lixo no Mar —
PCLM) (Brasil 2019b), coordinated by the Ministry for Environment, aims to
reduce the amount and impact of marine litter'” from multiple sources; to propel
scientific research on new methods and technology to combat marine litter, and to
inform and engage decision-makers and citizens in the process. It is a voluntary

"Marine litter is defined as solid waste from anthropic activities that reach the coastal and marine
environment (Brasil 2019b).
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commitment'® stated in the 2017 United Nations World Ocean Conference to com-
ply with the 2030 Agenda and a goal of the IV PAF-ZC (Goal 1).

The plan assesses marine litter in Brazil and states objectives, guidelines, and
short-, middle-, and long-term actions to be implemented at multiple administrative
levels and by different governmental and social sectors. The elaboration of the plan
was initiated as a collaborative and participatory process led by academia. However,
the participatory group leading the discussion was dissolved in early 2019, and the
plan was finished and launched by the Ministry for Environment with little engage-
ment from other sectors.

Reports of its implementation convey that the PCLM has been reduced to timely
and dispersed cleanups, the only result advertised on the Plan’s official webpage.'
Although such campaigns are relevant to raise awareness of the impacts of marine
litter in coastal and marine ecosystems (Wyles et al. 2017), they are not efficient for
combating marine litter (Loizidou et al. 2018). The structural actions that should
support the whole plan — such as defining and applying the methods and strategies
to the national marine litter assessment and creating an online portal to register and
advertise best practices to combat marine litter — are still on hold. Thus, PLMC
implementation takes a dubious path and a slow pace.

10.3.2  Sectoral Public Policies That Impact
Beach Management

Beaches interact with terrestrial, coastal, and marine ecosystems by fluxes of peo-
ple, energy, species, sand, water, nutrients, pollutants, and other substances
(Schlacher and Connolly 2009). Any activity impacting these fluxes affects beaches’
characteristics, processes, and ecosystem services (De Andrés et al. 2018). Although
the sectoral policies regulating these activities do not target beach conservation (see
Table 10.2 for some examples), they affect it (Case study 10.2). This institutional
interplay amplifies the number of policies that should be considered for beach man-
agement under a holistic and integrated approach.

BOCEAN ACTION 19679. UN Website. Available at: https://oceanconference.un.org/
commitments/?id=19679. (Access 15 Mar. 2020).

Due to the COVID Pandemic, activities related to the PCLM were interrupted and the results
reported are related to cleanups. Data available at: https://app.powerbi.com/view 7r=eyJrljoiMjYyM-
zZYONTMtMTI3Zi0ONmZKLWI2Y zgtMmQONmJhNDI3 Y TI11iwidCI6IjMSNTdhMzY3LTZkM
zgtNGMxZilhNGJhLTMzZThmM2M INTBINyJ9&pageName=ReportSection3fe695¢36797
0de07103 (Access 20.jul.2022)


https://oceanconference.un.org/commitments/?id=19679
https://oceanconference.un.org/commitments/?id=19679
https://app.powerbi.com/view?r=eyJrIjoiMjYyMzY0NTMtMTI3Zi00NmZkLWI2YzgtMmQ0NmJhNDI3YTI1IiwidCI6IjM5NTdhMzY3LTZkMzgtNGMxZi1hNGJhLTMzZThmM2M1NTBlNyJ9&pageName=ReportSection3fe695e367970de07103
https://app.powerbi.com/view?r=eyJrIjoiMjYyMzY0NTMtMTI3Zi00NmZkLWI2YzgtMmQ0NmJhNDI3YTI1IiwidCI6IjM5NTdhMzY3LTZkMzgtNGMxZi1hNGJhLTMzZThmM2M1NTBlNyJ9&pageName=ReportSection3fe695e367970de07103
https://app.powerbi.com/view?r=eyJrIjoiMjYyMzY0NTMtMTI3Zi00NmZkLWI2YzgtMmQ0NmJhNDI3YTI1IiwidCI6IjM5NTdhMzY3LTZkMzgtNGMxZi1hNGJhLTMzZThmM2M1NTBlNyJ9&pageName=ReportSection3fe695e367970de07103
https://app.powerbi.com/view?r=eyJrIjoiMjYyMzY0NTMtMTI3Zi00NmZkLWI2YzgtMmQ0NmJhNDI3YTI1IiwidCI6IjM5NTdhMzY3LTZkMzgtNGMxZi1hNGJhLTMzZThmM2M1NTBlNyJ9&pageName=ReportSection3fe695e367970de07103

10 Beach Management and Conservation in Brazil: Challenges and Opportunities 305

Case Study 10.2 - Licensing and Beach Sustainability

A poorly executed licensing process, including post-licensing monitoring and
action, ensues drastic consequences, as exemplified by the tragedy of the col-
lapse of the Samarco iron mining waste dam in the state of Minas Gerais,
southeastern Brazil, in November 2015. Circa 60 million m? of tailings pol-
luted more than 600 km of the Rio Doce, the second-longest river in the
Southwestern Atlantic, and reached the coast spreading over more than
770 km? (Fig. 10.3).Case Study 10.2 (continued)

Around 170 km of beaches were contaminated (Do Carmo et al. 2017),
including protected areas (Fioravanti 2016). Pollutants affected water quality
and led to the closure of beaches for bath, surfing, and fishing. Restrictions to
beach access resulted in economic loss for the tourism sector, local trade, and
traditional fishing communities (ANA 2016; Creado and Helmeric 2018).

The environmental impact assessment of the licensing process is a tool to
promote the conservation of natural ecosystems that anticipates risks and
impacts and the planning of mitigation and compensation measures. The envi-
ronmental impact assessment for the Samarco dam presented many technical
problems that precluded preventing the collapse and exacerbated environmen-
tal and social impacts (Wanderley et al. 2016). Despite having options where
the risks and impacts would be lower (i.e., not upstream from the urban area),
locational choice focused on minimizing company costs. No alternative tech-
nological option was presented, even though it existed. The post-licensing
monitoring did not trigger actions to prevent the episode (Fonseca et al. 2017).

This tragedy shows that challenges reside in the enforcement of current
legislation. The company used inadequate methods for monitoring impacts,
presenting documents in which several relevant physical and chemical param-
eters were not reported (Do Carmo et al. 2017). The total impact of this trag-
edy is yet to be accounted for, particularly for beach biodiversity and
ecosystem services. However, records of defaunated beaches in areas close to
the mouth of Rio Doce evidence the acute effects of the contaminated tailing
on the beach biodiversity (Ekos Brasil in press).

Table 10.2 Examples of sectoral policies that can affect beaches and their management

Sectoral legislation Relation to the beach

Mining Code — Decree-law | Creates the regulatory framework for mining activities and

227/1967 establishes the competencies for their management, including
deep-sea mining and oil extraction.

National Environmental Establishes the environmental policy system and its main

Policy — Law 6.938/1981 instruments (e.g., quality reports, zoning, activities licensing, and
impact assessment). Also creates the participatory National
Environmental Council that nominates the civil society
representative at the Coastal Management Integration Group.

(continued)
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Table 10.2 (continued)
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Sectoral legislation

Relation to the beach

National Agricultural
Policy — Law 8.171/1991

Establishes the framework for agricultural development, including
norms for chemical discharges.

National Maritime
Policy — Law 1.265/1994

Guides the development of maritime activities, including sectoral
plans, ocean literacy programs, international maritime affairs,
scientific and technological research, and regulation of economic
activities. A ramification of the policy, the National Maritime
Resources Plan is currently in its tenth version (Federal Decree
10.544/2020).

National Water Resources
Policy — Law 9.433/1997

Establishes the main instruments for water resources management
and creates the National Water Resources Management System
and the associated governance structure.

National Energy Policy —
Law 9.478/1997

Regulates the development of the energy sector, including norms
for dams, offshore drilling (o0il), and the expansion of renewable
energies in the coastal zone.

Protected Areas National
System — Law 9.985/2000

Creates the national protected area system and defines its
categories and the procedures to create and implement protected
areas, including in the coastal and marine zones.

City Statute — Law
10.406/2002

Establishes the urban development policy and creates the local
master plan, which is the main regulatory instrument for land-use
regulation in urban areas.

National Policy for Sea
Resources — Decree
5.377/2005

Regulates, guides, coordinates, and controls marine scientific
research, the preservation and conservation of the marine
environment, and the exploration and sustainable use of living,
mineral, and energy resources in the areas under national
jurisdiction and the continental shelf.

National Basic Sanitation
Policy — Law 1.445/2007

Establishes the set of services, infrastructure, and water supply
facilities, sanitary sewage and urban cleaning, solid waste
management, and rainwater drainage.

National Tourism Policy —
Law 11.771/2008

Establishes the guidelines and goals for tourism development,
including decentralized management aiming to expand tourism to
different regions, such as the beaches.

National Policy for the
Sustainable Development of
Aquaculture and Fisheries —
Law 11.959/2009

Regulates the fisheries and aquaculture policies and establishes
competencies for regulating fishery activities.

National Policy on Solid
Waste — Law 12.305/2010

Defines shared cross-scale responsibility of waste generators:
manufacturers, importers, distributors, traders, and citizens. Since
most of the litter found at sea comes from land-based activities,
coordination among them and the Plan to Combat Marine Litter is
a prerequisite to successfully implementing the latter.

National Transport
Policy — Law 12.587/2012

Regulates transport system expansion and establishes the
competencies for regulating its modes, such as roads, trails, and
maritime shipping.

National Policy of
Protection and Civil
Defense — Law 12.608/2012

Establishes norms for prevention, mitigation, preparedness,
response, and recovery of natural disasters, including coastal
areas.

Port Law — Law
12.815/2013

Creates the regulatory framework for port expansion, establishes
the competencies for port management, and the guidelines to start
a new enterprise.
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Fig. 10.3 The destruction route: mud path from the rupture of Samarco’s dam in Mariana munici-
pality, state of Minas Gerais, down to Rio Doce and the Atlantic Ocean. (Source: Elaborated by the
authors)

10.3.3 Other Management Initiatives

In addition to the broader federal and sectoral institutions for beach management,
local municipal regulations also concern beach uses and activities. For example, in
Recife (Pernambuco), Law N° 9837/1967 prohibits soccer practices on beaches dur-
ing weekends (Recife 1967). In Caraguatatuba (Sdo Paulo), Municipal Law
1.298/2006 (Caraguatatuba 2006) prohibits the presence of domestic animals on the
beach. In Sao Sebastido (Sao Paulo), Municipal Decree 8.087/2021 (Sao Sebastiao
2021) rules over urban noise from sound equipment on roads, squares, beaches, and
other public places. In Balnedrio Camborid (Santa Catarina), municipal Law
4.609/2022 (Balnedrio Camborit 2022) makes it mandatory for the municipal
authority to promote access to beaches for people with physical disabilities and/or
limited movement. These are some examples of the diversity of municipal institu-
tions that affect beach management.

Still, at the local level, beach certification schemes are labels granted to beaches,
usually touristic ones, for achieving a management status that is supposed to guar-
antee environmental, social, and economic sustainability. Beach certifications assess
and monitor beaches considering a set of criteria: environmental (e.g., water quality,
landscape); services and security (e.g., installation of public use equipment, free
access, cleaning, lifeguards); education/information (e.g., code of conduct/practice,
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foster ocean literacy); management (e.g., zoning, the establishment of carrying
capacity, compliance with the legislation on uses and activities in the sand strip);
and other requirements (e.g., certification audit) (Botero et al. 2012).

Beach certification schemes promote multiple social-ecological positive out-
comes, but studies report flawed implementation. Beach certifications are expected
to foster environmental practices, increase tourism while reducing its impacts, sup-
port stakeholder involvement (e.g., residents, private initiatives, entrepreneurs, and
traditional communities), promote ocean literacy, and ensure government action
(Botero et al. 2012; Zielinski and Botero 2015). However, reported experiences fail
to protect beaches and their adjacent environments (as expected for environmental
conservation) and implement ocean literacy programs (Willian and Micallef 2009).
Moreover, they tend to prioritize user satisfaction and the improvement of tourism
facilities over environmental protection, ignore social-cultural issues, and exclude
stakeholders from the decision-making process, working, in practice, as a top-down
regulatory approach (Zielinski and Botero 2015).

Although the interest for certifications is usually stirred at the local level, i.e., by
a local community of users (Botero et al. 2012), the implementation depends on
political interest and support by the municipal government, which is responsible for
applying for the accreditation and maintaining the quality certification criteria
(Botero et al. 2012; Zielinski and Botero 2015). Certification maintenance and
implementation are time and resource-consuming since they demand environmental
studies, installing necessary infrastructure, and professional expertise for monitor-
ing, thus requiring political-institutional support, investments, and external assis-
tance (Bernardi and Pires 2015; Zielinski and Botero 2015). A broader understanding
of how to apply the different beach awards to specific governance contexts is also
required (Botero et al. 2012; Bombana and Polette 2013).

Up to 2020, the international Blue Flag program was the only certification
scheme implemented on Brazilian beaches, although implementing other schemes
is being prospected (see Case Study 10.3). The Blue Flag program aims to promote
sustainability by ensuring long-term high standards and should strengthen the com-
petitive capacity of a beach by boosting its image as a tourism destination and
increasing tourists’ and residents’ quality of life (FEE 2006). The International
Foundation for Environmental Education coordinates the program, which has repre-
sentatives from around the world.

In Brazil, the Blue Flag label was granted to 22 beaches by 2022 (Blue Flag
2022), and its implementation and maintenance are challenged by inadequate basic
sanitation; illegal occupation of the coastline; inefficient organizational structure;
seasonal variation of beach users; jurisdictional conflicts for beach management;
little involvement of beach users; faulty ocean literacy programs; and inadequate
inspection (Netoetal. 2011; Bombana and Polette 2013; Scherer 2013). Furthermore,
aside from not consistently delivering the expected tourist boost (Mir-Gual et al.
2015), researchers criticize the Blue Flag program for having a narrow and static
view of beach ecosystems (Bombana and Polette 2013).

Besides certification schemes, other society-led initiatives emerge as approaches
to beach conservation. For example, Surfing Reserves (see Case Study 10.4)
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represent a worldwide strategy to complement ongoing conservation initiatives,
preserve waves and adjacent areas, connect people, and promote environmental
management. They are comparable to protected areas as coastal management instru-
ments, reinforcing the existing legal and formal provisions but not necessarily
demanding a legal or formal institutional process.

Case Study 10.3 - ISO 13.009:2015

The International Organization for Standardization (ISO) is the leading global
standards network. ISO is recognized worldwide for developing standards to
endorse innovation and solve global challenges. The standard ISO 13.009:2015
was the only ISO created to promote sustainable beach management as a tool
for disseminating and boosting the local economy and tourism.

ISO 13.009:2015 establishes requirements and recommendations to pro-
mote environmental protection, sustainable tourism infrastructure and ser-
vices, security, information, and communication and aims to help beach
managers to foster sustainable tourism activities. To be granted the certifica-
tion, the degradation process of beaches with tourist potential needs to be
pointed out, corrected, and continuously monitored to preserve beach quality.

Guarapari, in the Brazilian state of Espirito Santo, is widely known for its
beaches’ tourism activities, especially medicinal sand (monazite sand). The
most famous beach in this municipality is the Areia Preta beach, which
receives significant tourists annually. However, increased tourism on this
beach led to the impacts caused by uncontrolled growth, which affected the
beach’s environmental quality, which is relevant to support tourist activities.

ISO 13.009:2015 requires an efficient, inclusive, and collaborative gover-
nance system, as well as long-term planning, that guarantees the maintenance
of the tourism infrastructure and beach quality status through consulting and
informing stakeholders. A preliminary study to implement ISO 13.009:2015 in
Areia Preta beach (Felippe 2017) pointed out that establishing such a gover-
nance system might be an obstacle. The government sector tends to centralize
decision-making and limits the stakeholders’ participation. Problems related
to overlapped responsibility and miscommunication among federal, state, and
municipal governments make the decision-making process inefficient.
Governmental discontinuity forfeits long-term beach management activities,
resulting in limited time and budget for creating and developing beach man-
agement plans.
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Case Study 10.4 — Surfing Reserves — A New Approach to Coastal
Management

Surfing Reserves are expected to contribute to coastal protection by discuss-
ing and implementing rules for beach use, maintaining social, cultural, and
economic attributes (e.g., by protecting a river), and preserving and support-
ing essential ecosystem services (Silva et al. 2016; Figueiredo and Almeida
2019). In addition, Surfing Reserves have the potential to mobilize and build
capacity for local communities to engage in the implementation of other for-
mal and informal institutional arrangements, such as protected areas and
coastal management plans.

The Surfing Reserve title is granted by the NGO Save the Waves Coalition.
It involves a process of engaging nongovernmental and governmental actors
in the environmental preservation of a territory (Silva et al. 2016).
Implementing International Surfing Reserves has been carried out as a bot-
tom-up process without a formal institutional arrangement.

Up to 2019, there were 11 Surfing Reserves worldwide (Figueiredo and
Almeida 2019). Guarda do Embau beach (state of Santa Catarina) was granted
the “International Surfing Reserve” title in 2019. The process occurred amid
numerous discussions with the local community, entrepreneurs, and surfers.
This led to strong community engagement, later relying on the support of the
local government. The environmental quality of the beach has been monitored
in partnership with local authorities and private organizations.

Meanwhile, the nongovernmental organizations Aprender Ecologia
Institute and Ecosurf Institute, the leaders of this movement in Brazil, have
been discussing the topic in meetings and forums, working to create the
Brazilian National Program of Surfing Reserves.

The challenges for implementing Surfing Reserves in Brazil reside in the
lack of community buy-in, local authorities’ political will, and the need to
coordinate action to reinforce existing arrangements without overlapping
efforts. It is also necessary to define measurable criteria to guide the imple-
mentation and evaluation process (Figueiredo and Almeida 2019).

10.4 Challenges for Beach Management

Understanding the flaws and challenges to the application of beach management in
Brazil is the first step to improving the management system. Based on the analysis
of the management approaches and case studies reported in this chapter, we high-
light six main challenges:
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10.4.1 Promote Multilevel Governance

Multilevel governance (i.e., decision- and policy-making that involve multiple
actors and take place across multiple jurisdictions and sectors) represents an excel-
lent approach to dealing with the multidimensionality of environmental issues
(Termeer et al. 2010), but it is often challenging in complex political-institutional
environments (as reported for the National Coastal Management Plan, the Projeto
Orla, ISO 13.009: 2015). In Brazil, the 1988 National Constitution (Brazil 1988b)
favors administrative decentralization and establishes a multilevel governance sys-
tem, but practice shows that there is still a long way ahead toward such principles.

Many strategies exist in the coastal and beach management system to foster
multi- and cross-level governance. The federal Coastal Management Integration
Group includes multiple organizations at all administrative levels (e.g., representa-
tive of the subgroup that integrates the 17 coastal states, G17). The National Coastal
Management Plan sets specific instruments for coastal management at each admin-
istrative level that should be integrated across levels (i.e., state and local plans
should be implemented at each coastal state/municipality following federal direc-
tives). The Projeto Orla establishes committees at the state and federal levels to
support municipal action.

Multilevel integration and support for local government are essential to imple-
menting top-down policies. The poor implementation of the National Coastal
Management Plan instruments at the state and municipal level evidence an imple-
mentation gap that must be overcome. Beach management is mainly exercised at the
local (municipal) and sublocal (community/specific beaches) administrative levels
(Botero and Diaz 2009; Azuz-Adeath et al. 2018), where capacity building is
necessary.

Multilevel integration is also necessary for bottom-up approaches. Beach certifi-
cation schemes require the local government to apply for the certification. Although
Surfing Reserves can be implemented without local government involvement, the
integration between municipal administration and the local community is highly
recommended (Figueiredo and Almeida 2019). Multilevel governance is crucial to
reach the level of coordinated action necessary for beach management, either for
implementing federal policies at the local level or for supporting local actions
toward beach conservation.

10.4.2 Foster Policy Integration

In Brazil, administrative decentralization was accompanied by a highly sectoral
political and administrative framework, leading to conflicts among instruments
from different public policies (Abrucio and Sydow 2018). Policy integration is a
goal of the National Coastal Management Plan and related instruments, as exempli-
fied by the Federal Action Plan for the Coastal Zone (PAF-ZC), which focuses on
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implementing and articulating coastal management instruments among each other
and with other policies. For instance, Goals 9 (Integrate and articulate the Projeto
Orla with the Municipal Master Plans) and 13 (Evaluate the effective actions of the
Orla Management Committees and Coastline Integrated Coastal Management Plan)
of the IV PAF-ZC (2017-2019) are related to the process of municipalization and
evidence the federal focus on beach management for the period.

To foster sectoral integration, policies need common and integrated goals and
guidelines. Unfortunately, sectoral policies tend to target economic development
and profit maximization over environmental protection (Lafferty and Hovden 2003),
and their (mis)application to the coastal zone can impair coastal management. The
Samarco tragedy (Case study 10.2) is one of many examples. Furthermore, different
sectoral agencies tend to work together only when formal procedures demand, as
for Environmental Impact Assessment approvals. Even then, collaboration is proce-
dural and fails to promote and maintain integration (De Oliveira 2002). In this
regard, a common goal toward environmental protection can be the starting point for
connecting different instruments, sectoral policies, and agencies (De Oliveira 2002).
This is even more relevant for beaches where sectoral activities, such as recreational
and tourism, depend on a healthy ecosystem.

10.4.3 Implementation of Existing Policies and Instruments

Although Brazil has a consistent legal and institutional framework for coastal man-
agement, long-standing legislative instruments are poorly implemented (e.g.,
National Coastal Management Plan, Projeto Orla), and recent ones show a low
implementation rate, if any (e.g., Municipalization, Procosta, Plan to Combat
Marine Litter). Coastal management in Brazil is an inherent testing task due to the
continental dimension of the Brazilian coast; the poor integration among govern-
mental agencies and policies increases the challenges. The coastal management dis-
crepancies among states (Nicolodi et al. 2018, 2021) evidence the existing
discrepancies throughout the country and represent an opportunity for sharing expe-
riences and best practices to guide implementation at the national level through
collaboration among state/municipal governments, society, and the private sector.

10.4.4 Promote Social Participation

The active involvement of social actors is based on the premise that those affected
by decision-making should have the opportunity to influence it. In Brazil, public
participation is considered a democratic right (Brazil 1988b) and is both a requisite
and a challenge for the beach management approaches and case studies presented
here. Since beach management has a solid local component (Botero and Diaz 2009;
Azuz-Adeath et al. 2018), engaging local stakeholders may be crucial to its
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implementation. The multilevel governance demonstrates the growing fluidity of
political power (Abrucio and Sydow 2018) and the possibility of involving different
actors, mainly at the local level, but it is still challenging to reach a high level of
engagement for local authorities and society.

Public participation in environmental management is expected to promote better
informed, context-adapted measures (Seixas et al. 2019), but its outcomes depend
on how actors are involved and processes are conducted (Xavier et al. 2019). There
are many obstacles to social participation in management processes, such as coping
with the lack of representativeness, overcoming language barriers, sharing knowl-
edge and power among participants, and empowering and engaging individuals,
especially the poorest and marginalized ones (Seixas et al. 2019). Furthermore, in
contexts of solid structural inequalities, additional attention to process development
must be given to prevent participatory processes from reproducing inequalities and
fostering marginalization processes (de Oliveira 2002).

10.4.5 Guarantee the Necessary Resources

Limited resources often result in policy failures and environmental degradation
(Klumb-Oliveira and Souto 2015; MMA 2015; Santos et al. 2019). Insufficient
financial resources hamper implementing and maintaining policies, programs, and
projects. When funding is not an obstacle, a lack of personnel, expertise, guidelines,
and general operational infrastructure (i.e., poor political-institutional capacity)
challenge management (e.g., Projeto Orla, Municipalization, Procosta, Blue Flag,
Surfing Reserves).

Coastal and beach management depends on governmental priorities, and few
coastal states and municipalities put aside the necessary budget for their implemen-
tation. Brazilian law indicates possible sources of public funding for coastal man-
agement but does not regulate the inclusion of implementation costs in government
budgets at any level (Klumb-Oliveira and Souto 2015), which also affects beach
governance. While some actions are supported by mid-term budget planning (Santos
et al. 2020) that should be less affected by changes in governments, it is urgent to
develop alternatives for raising funds, especially at the municipal level, which tends
to be the one with fewer resources and political-institutional capacity to implement
beach management actions (Oliveira and Nicolodi 2012).

One alternative for raising funds is fostering intersectoral articulation (de Oliveira
2002; Santos et al. 2019) with more substantial institutional support and governance
structure. Previous attempts to align Projeto Orla with other sectoral agendas (e.g.,
Oil and gas, Tourism, and City Planning) have failed (Oliveira and Nicolodi 2012),
indicating that besides alignments, binding regulations should be implemented.
Since 2017, revenues related to municipalization can fund the Projeto Orla.
However, although revenues from sanctions are to be applied in the areas affected
by the infraction (the coastline), the application of revenues related to public space/
properties to foster beach management is not legally binding. Therefore, the
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decision shall be discussed and articulated in each municipality. Considering the
expected increase in the implementation of Projeto Orla in the next few years,
investing in capacity building to coordinate the process and elaborate the Integrated
Coastline Management Plan and its implementation, monitoring, and evaluation
guidelines is an urgent demand.

10.4.6 Overcome Processes Discontinuity

When management initiatives are designed to be implemented during single man-
dates, public policy discontinuity is frequently the rule rather than the exception.
This is the case with many of the approaches to beach management in Brazil, from
Projeto Orla to the implementation of Beach Certification Schemes. Some propos-
als, as discussed here, barely overcame the planning phase before being gradually
discontinued. The discontinuity of processes derives from personnel changes (i.e.,
new elections), lack of formalization and institutionalization (e.g., Projeto Orla,
Blue Flag), and low political-institutional support and buy-in (e.g., Blue Flag,
Surfing Reserve).

Whenever a process is stopped before its implementation, a loss of financial
resources, time, and social energy is observed (Pereira and Asmus 2013; Silva and
Soriano-Serra 2016). Additionally, personnel changes affect political-institutional
memory (Pereira and Asmus 2013; Seixas et al. 2019) and impact future projects.
To overcome such discontinuity, democratization, and social engagement are strate-
gies (Vianna and Xavier 2014). An articulated, engaged, informed, and empowered
civil society can withhold the mechanisms for beach management regardless of
political-institutional changes and contradictions (Azuz-Adeath et al. 2018).

10.5 Moving Forward: A New Beach Management Approach

The challenges explored in the previous section show that, although Brazil has regu-
lations that can foster beach sustainability, a stronger governance system is neces-
sary to advance beach management. Such a governance system should be more
inclusive of different stakeholders and based on long-term planning for its imple-
mentation, monitoring, and evaluation to adapt to a changing environment.
Additionally, research shows the need for better integration of ecological data to
move the focus of beach management from managing human activities to a more
comprehensive approach that can promote a healthy and productive beach ecosys-
tem. As expressed by Sardd et al. (2015), we need a new integrated beach manage-
ment system. In this section, we discuss some paths for building such a system.
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Beach management can be described as the management of human activities that
affect this environment by changing fluxes among beaches and their surrounding
ecosystems (Williams and Micallef 2009). Through the years, beach management
approaches have been shifting their focus from cultural and regulating services (i.e.,
tourism and recreation, erosion and disturbance protection) to a broader understand-
ing of beaches as multidimensional, interconnected, and complex systems
(McLachlan et al. 2013; Sarda et al. 2015). In a nutshell, beaches are social-
ecological systems, i.e., coupled, coevolving, and dynamic human—nature systems,
with reciprocal and interdependent feedback (McLeod and Leslie 2009). To be
more effective in maintaining the beach’s multiple functions, management must
consider biophysical characteristics (structure and functioning) and the influence
that social and political dimensions exert on the natural environment.

In this regard, ecosystem-based management (EBM) is a promising approach to
beach management (Sardd et al. 2015; Corréa et al. 2021). Beach management
demands institutional and governance approaches that are more holistic, integrative,
and participatory (McLachlan et al. 2013; Sard4 et al. 2015), capable of delivering
innovative solutions that involve articulation and cooperation among social actors
and considering different spatial, temporal, and jurisdictional scales. EBM entails a
holistic view that encompasses beach complexity by maintaining both environmen-
tal integrity and socioeconomic prosperity, offering new opportunities for beach
sustainability (Long et al. 2015; Sarda et al. 2015). This approach seeks to over-
come sectoral fragmentation and acknowledges the need for social participation and
long-term adaptive planning based on the use of multiple knowledge systems (Long
et al. 2015).

EBM results in positive outcomes for environmental management, but its imple-
mentation in real-world contexts is still embryonic (Leslie et al. 2015; Sard4 et al.
2015). For Brazil, although some instruments, such as PNA and Pro-Costa, are
based on EBM principles, operational guidelines are still required to translate such
principles into sustainable management actions (Xavier et al. 2022). EBM can be
the guideline for instituting a comprehensive beach management system that com-
plements existing practices and overcomes recurrent obstacles (see above) through
application, evaluation, and adaptation (Leslie and McLeod 2007; Asmus et al.
2018). EBM can foster ongoing processes, adapting and qualifying them. For this,
attention should be given to some strategies that may facilitate this transition, which
are presented and discussed below.

10.5.1 Develop a New Approach to Science and Policy

As a holistic approach, EBM relies on sound multidisciplinary and integrated infor-
mation and faces the obstacles of lack of quality information to support actions
(Leslie and McLeod 2007; Asmus et al. 2018). This challenges the scientific com-
munity to innovate in producing integrated and contextualized information.
Managing beaches as social-ecological systems demand studies from many disci-
plines (e.g., ecology, geophysics, oceanography, and sociology) and information
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delivered in an integrated and context-oriented approach. Although many biologi-
cal/ecological or geophysical studies exist, interdisciplinary and social-political
studies are scarce (Amaral et al. 2016; Nel et al. 2014; Xavier et al. 2020) and must
be boosted. Moreover, fewer studies analyze the needs of management processes
(Nel et al. 2014; Xavier et al. 2020), which hamper the application of scientific
information in decision-making (Arkema et al. 2006).

Besides new scientific approaches, a new science—policy relationship is needed.
For this, involving scientists in the discussion of complex, risky, and uncertain man-
agement processes fosters social participation and leads to positive outcomes for
sustainability, equity, knowledge sharing and production (Leslie et al. 2015; Jacobi
etal. 2019). Focusing on problem-solving and involving scientists and nonscientists
in knowledge production and discussion, approaches such as Post-Normal Science
(Jacobi et al. 2019), transdisciplinary science (Luks and Siebenhiiner 2007), or citi-
zen science (Jarvis et al. 2015) are gaining momentum and represent an opportunity
for strengthening local-level beach management.

Integrating new stakeholders in knowledge production and management also
increases the knowledge system considered for management. Knowledge can be
decomposed into different and complementary components, such as scientific, tra-
ditional, and environmental information (which can be learned) and perception
(how the information is understood) (Xavier et al. 2018). Traditional knowledge
systems (or local traditional knowledge) incorporate information, perceptions, prac-
tices, norms, and beliefs derived from empirical experiences, accumulated and
transmitted through generations (Stori et al. 2019). Given the stronger local and
sublocal components of beach management, locally based knowledge systems pro-
vide key information for beach management.

10.5.2 Find a Shared Working Language

Integrating different knowledge systems in the co-production of knowledge and
decision-making demands a common language. The ecosystem services concept
can be a useful tool for communication in the implementation of EBM (Sarda et al.
2015; Sardd and Azcdrate 2018). Efficient and sustainable management, which
guarantees the resilience of the ecosystem and consequent human well-being,
depends on making the integration of human and nature dimensions evident for all
involved partners (McLeod and Leslie 2009). Because ecosystem services result in
ecosystem processes that permeate and sustain the social dimension, they represent
a key connection between the two dimensions (McLeod and Leslie 2009).
Ecosystem services comprise the relationship between environmental attributes
and social concepts such as the sense of belonging, perception, power, interest and
legitimacy (Hicks et al. 2015). It can support the improvement of integrated plan-
ning with social participation and a governance system that ensures sustainability
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(Galler et al. 2016). Applying the ecosystem service concept to decision-making
emphasizes the trade-offs of management alternatives and their consequences on
the social-ecological system (Granek et al. 2009), encourages actors to pragmati-
cally assess the links between ecosystems and human well-being (Potschin and
Haines-Young 2011), and allows the identification and inclusion of missing vari-
ables in the decision-making process (Danley and Widmark 2016).

10.5.3 Apply a Holistic Approach to Identify Threats

Identifying potential human threats and their impacts on the ecosystems is a required
step in beach management (Harris et al. 2015; Sardd et al. 2015). The Driver-
Pressure-State-Impact-Response (DPSIR) framework is a problem-structuring
framework that assists to identify and understand the social-ecological processes
and accounts for the cumulative effect of multiple human activities on ecosystem
services (Kelble et al. 2013). In this framework, driving forces (social demands)
result in actions that stress the system (pressures) and change the status of the natu-
ral environment (state changes). These changes result in social, economic, and envi-
ronmental quality loss (impacts). Finally, responses (such as public policies and
management actions are discussed, proposed, and applied to prevent adverse
changes) (Atkins et al. 2011).

The framework has been adapted and adjusted in different contexts and for vari-
ous reasons. One of its adaptations, the DAPSI(W)R(M)D, considers Activities (A)
from different economic sectors such as tourism and real estate as a consequence of
the drivers. It also highlights the social dimension of Welfare (W) and quality of life
(Atkins et al. 2011). In this application, Measures (M) would also be required that
relate to the feasibility of the technology, the viability of the economic situation
based on marginal social cost and benefit comparisons, and so on to successfully
manage the marine environment (Elliot et al. 2017).

Another adaptation of the diagnostic framework was to include Ecosystem
Services (E) and combine it with EBM (Kelble et al. 2013). The EBM-DPSER pro-
motes a more holistic and integrated management strategy (Elliot et al. 2017) and
assists in setting the limits of management by evidencing endogenous and exoge-
nous pressures and their potential and real impacts on ecosystem services (Atkins
et al. 2011; Sardd and Azcarate 2018). It fosters participatory decision-making by
providing a structured action that stresses the link between environmental problems
and human threats (Cooper 2013) and discusses the trade-offs among ecosystem
services (Kelble et al. 2013). A more recent adaptation, the Cross-scale Ecosystem-
Based Assessment (DIET) (Gongalves et al. 2020b) included the relevance of levels
and scales to broaden the existing assessment frameworks to strengthen the ecosys-
tem approach and promote an integrated cross-scale perspective.
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10.5.4 Apply Spatial Management Tools

Of the different area-based management tools, marine spatial planning can be gen-
erally described as the zoning applied to a marine/coastal space to order, regulate
and address conflicts among the different economic, social, and conservation inter-
ests in such space (Ehler and Douvere 2009). It shares many EBM principles — such
as social-ecological sustainability, adaptability, integration, transparency, and social
participation — and can foster and add value to the latter (Gilliland and Laffoley
2008). Applying marine spatial planning fosters social participation; promotes the
use of tangible, intangible, complex, and variable data; enables wide characteriza-
tion of fragmented spaces; and facilitates the definition of typologies for sustainable
use (Mclachlan et al. 2013; Munro et al. 2019).

Designing a coherent structure for MSP-based coastal management is a work in
progress. Studies focusing on the application of spatial planning to beaches address
the management of marine invertebrate harvesting, protection of bird nesting sites,
and tourism development (Harris et al. 2015; Munro et al. 2019). In Brazil, discus-
sions for the implementation of marine spatial planning date back to 2011, but
implementation is still incipient (Gerhardinger et al. 2019). Beaches are usually
considered as homogeneous features within a single zoning class, and there is no
proposal of specific areas within a beach for the development of different activities,
as illustrated in Ecological-Economical Zoning (Sao Paulo 2017) and the zoning of
Marine Protected Areas (Sao Paulo 2019).

10.5.5 Promote Interplay Management

Interplay management — the political efforts to purposefully shape and improve
institutional interaction (Stokke 2001) — addresses and discusses the policy integra-
tion needed for beach management. The absence of interplay management leads to
a lack of coordination in decision-making and drives conflicts related to multiple
issues and interests (Therville et al. 2019).

Interplay management varies from exchanging information between decision-
making bodies to coordination and implementation of policies (Stokke 2001). Even
in a fragmented environment, interplay management enables synergies and conver-
gence between and across policies and sectoral institutions. When the possibility to
change or review institutions is absent, practitioners can exchange experiences and
try to improve and adapt through practices in functionally linked policies. Such a
process may foster social learning and qualify decision-making.
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10.5.6 Promote Learning and Adaptation

EBM should enhance the collective capacity of agencies and social actors for learn-
ing and devising innovative and improved solutions to environmental problems.
This collective and collaborative learning process, named social learning (Garmendia
and Stagl 2010), is well aligned with EBM: it considers complex social-ecological
systems; it is participatory and integrative; it is adaptive; and it is oriented toward
long-term social-ecological sustainability (Garmendia and Stagl 2010; Xavier
etal. 2019).

Social learning is expected to increase social capital, promote collaboration and
integration, and promote adaptation toward sustainability (Luks and Siebenhiiner
2007; Garmendia and Stagl 2010). Studies report that social learning influences the
continuity of participatory processes and can be fostered by process design
(Garmendia and Stagl 2010; Xavier et al. 2019). Fostering social learning and
increasing social capital at a lower level may overcome challenges related to struc-
turing a compatible governance system and promoting the continuity of beach man-
agement processes.

10.6 Final Remarks

The overview of beach management in Brazil shows that the country seems to be
imprisoned in a vicious cycle that compromises beach sustainability. Although
many legal instruments for beach management exist and other sectoral instruments
also relate to beach management, assertive action is still needed to integrate instru-
ments and practices. EBM is a promising approach to overcoming challenges for
integrated beach management; however, the approach faces obstacles of its own in
moving from theory to practice, many of which are recurrent in Brazil’s beach man-
agement system.

Setting an adequate governance system to enable and support EBM requires
transitional practices that can, at the same time, provide a solid structure for EBM
implementation and enough flexibility for adaptation through the implementation
process. It is a learning-by-doing practice to concomitantly implement EBM and
structure the necessary governance system that it requires. It should tackle four
critical domains: build governance capacity, avoid panaceas, promote inter and
transdisciplinarity, and establish partnerships and networks (Gongalves and
Xavier 2021).
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