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 50 

Abstract 51 

There is a relative lack of research, targeted models and tools to manage beaches in estuaries and 52 

bays (BEBs). Many estuaries and bays have been highly modified and urbanised e.g., port 53 

developments and coastal revetments. This paper outlines the complications and opportunities for 54 

conserving and managing BEBs in modified estuaries. To do this, we focus on eight diverse case 55 

studies from North and South America, Asia, Europe, Africa, and Australia combined with the 56 

broader global literature. Our key findings are: (1) BEBs are diverse and exist under a great variety of 57 

tide and wave conditions that differentiate them from open coast beaches; (2) BEBs often lack 58 

statutory protection and many have already been sacrificed to development; (3) BEBs lack specific 59 

management tools and are often managed using tools developed for open-coast beaches; and (4) 60 
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BEBs have the potential to become important in “nature-based” management solutions. We set the 61 

future research agenda for BEBs, which should include broadening research to include greater 62 

diversity of BEBs than in the past, standardising monitoring techniques, including the development 63 

of global databases using citizen science, and developing specific management tools for BEBs. We 64 

must recognise BEBs as unique coastal features and develop the required fundamental knowledge 65 

and tools to effectively manage them, so they can continue providing their unique ecosystem 66 

services.  67 

 68 

Impact statement 69 

We bring together an international team of researchers to bring a comprehensive review and 70 

perspective on beaches on estuaries and bays (BEBs). Our work delves into recent research drawn 71 

from eight case studies spanning the Africa, Americas, Asia, Australia, and Europe. By contextualizing 72 

this research within the existing literature on BEBs, we have achieved a unique perspective that 73 

sheds light on the intricate challenges and complexities involved in conserving and managing these 74 

delicate ecosystems. We believe this perspective offers valuable insights to the field. Furthermore, 75 

our paper outlines our vision for the trajectory of future research in this domain. We delineate a 76 

series of progressive steps that should serve as guideposts for upcoming research on BEBs, aiming to 77 

facilitate a more holistic understanding of these environments. Our findings show that the key to 78 

setting the future research agenda for BEBs is to first broaden our research focus to include a 79 

greater diversity of BEBs, based on the great variation in the relative importance of the many factors 80 

that drive BEB morphodynamics. We recommend including more focus on mapping and monitoring 81 

BEB locations and morphology, and long-term monitoring of hydrodynamic processes. Future studies 82 

should consider BEB evolution in relation to evolution and processes of the whole the estuary/bay to 83 

identify potential mitigation measures based on nature-based solutions.   84 
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1. Introduction 85 

When considering beaches in estuaries and bays (BEBs), generally low energy, narrow landforms 86 

come to mind. However, the environmental settings and morphology of such beaches are highly 87 

diverse in terms of planform, cross-shore profile shape, and hydrodynamic drivers. BEBs can be 88 

exposed to various combinations of ocean-generated waves and those generated inside the 89 

estuary/bay, in addition to other hydrodynamic forcing such as currents generated by rivers and 90 

tides (Vila-Concejo et al., 2020). While geological inheritance is a first order control on the location, 91 

shape, volume, and stability of BEBs, the geology can also control the contemporary dynamics, e.g., 92 

pocket BEBs between rocky outcrops (Gallop et al., 2020a). Moreover, many BEBs are in highly 93 

modified estuaries and bays, with hard engineering works and dredging also being important 94 

controls on their form and behaviour (Fellowes et al., 2021). Indeed, engineering interventions in 95 

estuaries and bays such as port development have caused the loss of entire BEBs systems, or their 96 

creation through artificial means (e.g., nourishments associated with groynes). 97 

There is a relative lack of research, models and management tools for BEBs compared with open 98 

ocean beaches (Figure 1) (e.g., Ton et al., 2021; Vila-Concejo et al., 2020). Based on observations in 99 

the NE USA, Nordstrom (1992) provided a general background to BEBs, which was followed by other 100 

work on low-energy and sheltered beaches, such as Hegge et al. (1996) on reef-controlled, sheltered 101 

beaches on the open coast, and Jackson et al. (2002), who focused on non-estuarine BEBs. There 102 

have been several classifications developed for low energy beaches, but not specifically for BEBs. 103 

This includes the Short (2006), and Short and Woodroffe (2009) classifications of tide-modified/ 104 

dominated beaches focused on the open coast; the work of Travers (2007; 2010) on the 105 

morphodynamics of BEBs in SW Australia; and classifications of fetch-limited beaches based on the 106 

importance of wave, tidal and river forcing (Freire et al., 2013, 2009). Importantly, in all these 107 

studies locally generated wind waves, sometimes modulated by the tidal forces, were considered 108 

the major control for BEBs morphodynamics. There have also been studies on the dynamics of 109 
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specific BEBs in Spain (Alejo et al., 2005; Bernabeu et al., 2012; Costas et al., 2005; Gonzalez-110 

Villanueva et al., 2007), Portugal (Carrasco et al., 2012, 2008; Freire et al., 2013), France 111 

(Dissanayake et al., 2021), Germany (Dissanayake and Brown, 2022), Hong Kong, China (Yu et al., 112 

2013), SE Australia (Fellowes et al., 2021; Gallop et al., 2020b; Kennedy, 2002; Rahbani et al., 2022) 113 

and California, USA (Winkler-Prins et al., 2023) (Figure 1).  114 

115 

Figure 1: World map of BEBs in the peer-reviewed literature (black dots) and case studies presented 116 

in this paper (blue dots). 117 

 118 

While many BEBs have been lost to urbanisation, the remaining BEBs in urban environments provide 119 

important places for people to connect with nature, and ecosystem services such as providing 120 

habitat and feeding areas, and protective buffers for wetlands (Nordstrom and Jackson, 2012), as 121 

well as providing safe swimming areas (Largier and Taggart, 2006). This socio-ecological role is 122 

highlighted by artificial BEBs created to upgrade flood defences and to provide a more natural 123 

transition between land and water than traditional shore protection works, such as in the 124 

Netherlands (Ton et al., 2023) and California (SFEI and Baye, 2020). While many BEBs are often 125 
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protected from large waves, severe erosion can still occur when storms come from directions that 126 

can propagate large swells inside estuaries/ bays (Gallop et al., 2020b) In fact, further research has 127 

shown that BEBs in those environments are mostly controlled by the swell energy propagating into 128 

the estuaries and bays (Rahbani et al., 2022). Moreover, recovery of BEBs after erosive events can be 129 

slow, and take years (Costas et al., 2005; Fellowes et al., 2021; Nordstrom, 1980). As such, with their 130 

generally low-lying nature, sensitivity to changes in wave direction or extreme winds, and slow 131 

recovery, BEBs are highly sensitive to climate-driven changes in wave forcing and impacts of 132 

compound events including precipitation and storm surge. Maintaining healthy BEBs contributes to 133 

the United Nations Sustainable Development Goals number 11, 14, and 15 (UN, 2015). Vila-Concejo 134 

et al. (2020) provide a complete overview on the geological setting and oceanographic conditions 135 

that determine where BEBs form and what they look like. 136 

Despite recent increased research on BEBs, the need remains to better understand their processes 137 

to develop models to underpin their management. We take a step towards this here by bringing 138 

together an international group of BEBs researchers and practitioners to share and consolidate 139 

understanding of BEB morphodynamics and set a collective research agenda. Our aim is to highlight 140 

diverse morphologies of BEBs in estuaries, bays, and coastal lagoons from around the world, and 141 

their management issues. This paper provides case studies from seven regions with BEBs in Ghana, 142 

Brazil, USA, Australia, China, Spain, and the Netherlands, selected for their diverse morphodynamics 143 

and management issues. The case studies include pristine BEBs (e.g., Northern Brazil) and with large 144 

anthropogenic impact and undergoing erosion (e.g., China). The tides in the cases studied go from 145 

microtidal (e.g., SE Australia), to mesotidal (e.g., San Francisco, USA), and macrotidal (Northern 146 

Brazil) and they include BEBs that never receive any swell energy (e.g., The Netherlands) and those 147 

that may be controlled by swell (e.g., SE Australia). This is followed by discussion of the key 148 

challenges in conserving and managing BEBs in modified estuaries, bays and lagoons, and our 149 
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perspectives on the future agenda of BEB research against the backdrop of climate change and 150 

increased infrastructure development resulting from population growth.   151 
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2. Case studies 152 

2.1. BEBs in the Lower Volta Delta (Ghana, West Africa) 153 

West African beaches have undergone rapid changes in recent years due to natural and 154 

anthropogenic factors (Alves et al., 2020). The Volta delta situated on Ghana's eastern coast is a 155 

prime example of a highly dynamic and erosion-prone region (Figure 1). The Volta estuary of the 156 

Volta Delta is at the mouth of three major West African rivers that drain large parts of Ghana, Togo, 157 

Burkina Faso, and smaller portions of Côte d'Ivoire, Mali, and Benin, and accommodates many BEBs 158 

that have great significance. These BEBs typically front narrow sandy barriers that are facing 159 

significant erosion, posing risks to coastal settlements and natural ecosystems. On the open coast, 160 

beaches are wave-dominated, with an average Hs of 1.4 m and peak wave period (Tp) of 11 s 161 

(Angnuureng et al., 2020). The tidal range is about 1 m (Addo et al., 2018). The Volta Delta coast has 162 

extensive swamps with intermittent mangrove areas of predominantly red mangrove (Kortatsi et al., 163 

2005) and savannah woodlands (Boatema et al., 2013). Due to increased flooding and the 164 

construction of the Akosombo Dam in 1963 on the Volta River, the BEBs inside the Volta Estuary and 165 

adjacent open coast beaches have experienced rapid shoreline transgression. For example, the 166 

open-coast Fuveme community, west of the mouth, lost 37% of its area, resulting in the 167 

displacement of people and the destruction of houses with the entire community being lost in 168 

November 2021. Ada Foah beach to the east of the mouth suffered from both erosion and flooding, 169 

also causing the loss of schools and settlements (Addo et al., 2018). Wave overtopping occurs on the 170 

coastal area of the Delta due to its low-lying nature, thus causing salinisation within the BEBs. This 171 

has the potential to degrade the freshwater ecosystems within the Delta, perhaps an unexpected 172 

consequence arising from BEB erosion. Although there is a lack of studies on the evolution of BEBs in 173 

this estuary, it is evident that like the beaches on the open coast, most of the major BEBs near the 174 

estuary entrance have also undergone severe erosion over decades since the dam construction. As 175 

the shoreline has adjusted to changes in catchment sediment yields, beach erosion has been further 176 
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exacerbated as residents have attempted ad-hoc hard infrastructure protection such as placing rocks 177 

on the beach. To effectively manage the BEBs in the Volta Estuary, there is a need for a deeper 178 

understanding of their processes, targeted models, and management practices with particular 179 

attention being paid to the regional and local sediment budgets. 180 

2.2. BEBs in South and Southeast China (Asia) 181 

BEBs in China, often encompassing tidal flats, are extensively developed along the S and SE coasts, 182 

and associated to large rivers like the Yellow, the Yangtze, and the Pearl (Figure 1). The most 183 

prominent geographical setting of these BEBs is the high supply of fluvial materials (sediment, 184 

discharge, and nutrients), combined with strong coastal tidal/wave currents and the presence of 185 

densely urbanized landscapes (Wu et al., 2018; Zhang et al., 2016). However, the construction of 186 

large dams along with rising marine hazards, e.g., saltwater intrusion and coastal erosion, has largely 187 

affected the habitats on BEBs (Chen et al., 2010; Wu et al., 2016). Consequently, dams now prevent 188 

the transport of sufficient sediments into the estuaries and therefore BEBs are eroding with hard 189 

engineering structures in place to prevent coastal erosion. This is particularly concerning when 190 

considering potential seasonal high energy conditions induced by tropical storms (typhoons) from 191 

the West Pacific Ocean. Examples of this profoundly modified BEBs can be found in the metropolitan 192 

city of Shanghai and Guangzhou inhabited by 18-20 million people. These socio-ecological settings in 193 

China's estuaries are alarming to the stakeholders underscoring the urgent need for legislative 194 

action at both municipal and national levels to curb further degradation of BEBs. 195 

  196 
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Figure 2:  BEBs case study locations and photos. For world location please refer to Figure 1. 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

2.3. BEBs on the Amazon and South Atlantic Coasts (Brazil, South America) 208 

Brazil has a broad range of BEBs in its diverse estuarine systems. BEBs along the Marajó estuary, part 209 

of the Amazon River estuarine system (Figure 1), are exposed to macro/mesotides (3-6 m) that 210 

modulate the low to moderate waves (Hs = 0.5-1.5 m) propagating over the inter to subtidal 211 

sand/mudbanks (Pereira et al., 2016). On the eastern side of the estuary, there are 157 beaches 212 

along 265 km of mangrove-dominated shoreline, intersected with rivers and creeks forming bays, 213 

distributary islands and extensive tidal shoals (Anthony et al., 2010). Some of these BEBs are narrow 214 

(up to 50-70 m width) and have a high-gradient intertidal zone (> 5º) with reflective characteristics, 215 
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composed of medium sand (e.g., Murubira, Figure 2). Other BEBs have intermediate characteristics, 216 

are wide (up to 350-450 m), and have a low-gradient intertidal zone (1º) (e.g., Colares, Figure 2).  217 

In southern Brazil, the microtidal (0.25 m tidal range) Patos Lagoon (Figure 1) plays a significant role 218 

in the regional sediment dynamics (Marques et al., 2010). Export rates of suspended sediment to the 219 

coast is up to 1.37 107 t/year of total suspended matter (Marques et al., 2010). The area of fresh/salt 220 

water mixing extends 60 km from the lagoon’s entrance, which is mostly composed of fine sand in 221 

the shallower  sections transitioning to silt and clay within the deeper channels. (Marques et al., 222 

2010). BEB morphodynamics inside this estuary are controlled largely by the river discharge, 223 

together with the wind patterns. For example, Praia do Laranjal (Figure 2), a BEB bounding the west 224 

jetty of the Patos Lagoon mouth, is highly dissipative with a low intertidal gradient (2º), and mostly 225 

wave dominated (Hs = is up to 0.6 m, compared to the average of 1-1.5 m on the open coast) (Tozzi 226 

and Calliari, 2000), typically presenting multiple bar systems (Guedes et al., 2009).  227 

One major issue for BEBs in Brazil, both in the North and in the South and especially with climate 228 

change, is the lack of specific tools and models with sufficient local data to help inform 229 

management. 230 

 231 

2.4. BEBs in San Francisco Bay (USA, North America) 232 

San Francisco Bay (Figure 1) has many BEBs, including the urban Crissy Field beach (Figure 2), located 233 

0.5 to 2 km from the entrance on the southern side of the estuary and near the flood tide delta — a 234 

sandy BEB connected to a small marsh, facing towards the NE Pacific. Offshore waves that can 235 

propagate into the estuary typically approach from the northwest with Hs between 1-2 m (peak 236 

periods > 10s), although it is not unusual for Hs to exceed 5 m outside the mouth during storms (with 237 

Tp approaching 20 s). Ocean waves that reach Crissy Field have refracted and decayed with dominant 238 

directions from the north-northwest and heights between 0.2-0.4 m. In addition, strong sea breezes 239 
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over a fetch of 2-3 km can generate high-frequency waves with similar amplitudes, and infragravity 240 

waves also occur at this beach. All waves propagate from the west causing strong eastward littoral 241 

transport. Given the BEB’s proximity to the bay entrance, the sand supply to Crissy Field is a 242 

combination of tidal and wave-driven transport, with sand originating on nearby beaches seaward of 243 

the mouth (Barnard et al., 2013) (Figure 1). The BEB encloses a marsh and small 0.07 km2 tidal 244 

lagoon that closes intermittently, typically when the offshore wave height exceeds 3.5 m driving 245 

strong littoral drift across the lagoon mouth (Battalio et al., 2007; Hanes et al., 2011; Hanes and 246 

Erikson, 2013). Under low-wave conditions, the tidal currents driven by the 1-2.25 m tides can scour 247 

the inlet channel and maintain the lagoon-bay connection (Battalio et al., 2007). When open, 248 

outflow from the lagoon builds a small ebb-tide delta and disrupts longshore transport, accounting 249 

for a step in the shoreline with the BEB being narrower east of the inlet.  250 

BEBs beyond the influence of ocean waves in San Francisco Bay are shaped by waves generated in 251 

the bay (Talke and Stacey, 2003), with longer period and larger waves incident from directions with 252 

longer wind fetch. Wind-generated waves can approach BEBs from multiple directions, resulting in 253 

seasonal cycles, e.g., Marina Bay beach, further into the estuary, is worked by SW wind waves during 254 

winter as well as by refracted NW wind waves during summer (Accordino, 2022). Here and at other 255 

BEBs in the bay, compound events result in morphological change, such as sand overwash fans and 256 

beach/marsh erosion. Increasingly BEBs are being included in designs for marsh restoration around 257 

the bay (SFEI and Baye, 2020).  258 

2.5. Swell dominated BEBs in SE Australia 259 

The coast of SE Australia is microtidal with mean tidal ranges of 1.6 m and 1.3 m for spring and neap 260 

tides, respectively. It receives swells with Hs of 1.6 m and a 10-s peak period (Short and Trenaman, 261 

1992). This moderate wave climate has important repercussions for those BEBs located inside 262 

estuaries with wide mouths that allow swell penetration (Gallop et al., 2020b; Vila-Concejo et al., 263 
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2010). Indeed, the wave energy controlling BEB morphodynamics in those estuaries is dominated by 264 

swell waves under all conditions, particularly under high-energy conditions (Rahbani et al., 2022). 265 

The relatively recent urban development of Australian cities and the high wave energy in the open 266 

coast has led to engineering developments inside estuaries (Figure 2). For example, Sydney airport 267 

and its commercial port were developed in Gamay estuary (Aboriginal name of Botany Bay) and the 268 

engineering works including coastal reclamation, river deviation, revetments, seawalls, and dredging 269 

led to the erosion of urban BEBs that were deemed sacrificial for the sake of urban development 270 

(Fellowes et al., 2021). At the same time, some of Australia’s most expensive real estate in Sydney 271 

Harbour is protected by BEBs (Figure 2); and, some of the most prominent erosion hotspots 272 

correspond to BEBs, for example Jimmy’s beach in Port Stephens (Vila-Concejo et al., 2020, 2010). 273 

2.6. Modified BEBs in the Bay of Algeciras (Southern Spain, southwestern Europe) 274 

The Bay of Algeciras (Figure 1) faces south into the Strait of Gibraltar, is microtidal (mean spring tidal 275 

range 0.98 m) and sheltered from ocean-generated waves. Waves approach mostly from the SE and 276 

have significant wave heights (Hs) less than 0.1 m, with 1.5 m Hs being exceeded several times per 277 

year (Montes, 2021). The Rinconcillo-Palmones System (RPS) on the NW side of the bay includes an 278 

urban beach (Rinconcillo) and a sandspit (Palmones) (Figure 2). The RPS is adjacent to Bahía de 279 

Algeciras Port, one of Europe’s most important ports.  280 

The Algeciras port interrupts the prevailing northward longshore drift, and was enlarged significantly 281 

in 2000 and 2010, currently extending more than 1.5 km into the sea. This modified the local wave 282 

patterns adjacent to seawalls and jetties. BEBs are very sensitive to changes in wave direction 283 

(Gallop et al., 2020b), and consequently, the RPS is now rotating counterclockwise because of these 284 

changes, except for at the spit end, which is controlled largely by currents at the mouth of the 285 

Palmones River. Since 2000, the shoreline has prograded at rates over 4 m/yr at the southern end of 286 

the RPS (next to the port), while the northern area has eroded at a rate of around 1 m/yr (Montes, 287 
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2021). In areas behind the narrowing beach there is more frequent damage to private property and 288 

infrastructure during storms. As occurs at other BEBs (e.g., Costas et al., 2005; Harris et al., 2020), 289 

beach recovery at RPS, which does not usually reach pre-storm state, requires several months of 290 

calm conditions (Montes, 2021).  291 

The RPS has a bimodal longshore drift that transports eroded sand alongshore and into deeper areas 292 

offshore (Montes, 2021). Northward sediment transport occurs during modal conditions 293 

transporting material towards the Palmones river mouth and ebb tidal delta. From there, sediment 294 

can be lost to deeper areas in the Bay of Algeciras as depths greater than 50 m occur very close to 295 

the coast. Southward sediment transport occurs during storms, when material is transported from 296 

the north, where an eroded dune system occurs (Figure 2) and deposited adjacent to the port. The 297 

modified sediment transport pathways, because of the port construction and later expansion, have 298 

caused the southward sediment transport mode to now become prevalent. 299 

2.7. Artificial BEBs in The Netherlands (northwestern Europe) 300 

Dutch estuarine and lake shores are often lined with hard (i.e., asphalt, concrete and stone) flood 301 

defences, which require regular reinforcement to withstand current and future marine processes. In 302 

recent years, the creation of artificial beaches (e.g., Prins Hendrikzanddijk, Figure 2) in front of hard 303 

defences is a paradigm shift from reinforcement of old coastal infrastructure with hard material to 304 

nature-based or hybrid solutions (Perk et al., 2019). Despite ample experience in nourishing large 305 

volumes of sand at the wave-dominated Dutch open coast (Brand et al., 2022), the understanding of 306 

artificial BEBs mainly stems from a "learning by doing" approach, in which continuous monitoring is 307 

key to understanding and predicting their development, ultimately enabling safety assessments.  308 

The BEBs in the northern Netherlands are subjected to locally generated wind waves with mean Hs 309 

of 0.1 to 0.3 m, reaching up to 1.5 m. Longshore currents include relatively strong tidal currents 310 

(~0.6 m/s) which are strongly influenced by wind-driven circulation (~0.25 m/s) in the (semi-) 311 
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enclosed regions (Ton et al., 2023). As the nourishment sediment is often coarser than the native 312 

material (to limit erosion), the surface armouring provided by these coarser sediments causes beach 313 

response to be mostly event-driven. 314 

The subsequent equilibration of the profile and planform shape by natural forces depends on the 315 

orientation and geometry of the beach with respect to the hydrodynamic forcing. Cross-shore profile 316 

adjustment often involves a strong retreat and steepening of the beach face, coinciding with the 317 

development of a more concave upward profile and a relatively stable platform at water depths 318 

around the depth of closure (Hallermeier, 1980, 1978), where the surface waves reach the limit of 319 

their erosive action (Ton et al., 2021). In addition, longshore drift further redistributes and sorts the 320 

nourished sediment, leading to beach rotation, spit formation (10s of meters per year) and the 321 

development of cuspate shorelines (van Kouwen et al., 2023). 322 

3. Challenges for conserving and managing BEBs in modified estuaries  323 

The case studies above highlight the diversity of the environmental settings and morphodynamics of 324 

BEBs, and the many common (and unique) management issues they face worldwide. While BEBs are 325 

common globally, they are still relatively small morphological features that require the right balance 326 

of conditions to form including accommodation space, sediment supply, and wave conditions to 327 

build and then maintain the beach. The case studies highlight the variety of tidal (micro to 328 

macrotidal), wave conditions, and hydrodynamic circulation that maintain BEBs. This includes swell-329 

dominated environments such as BEBs in SE Australia (e.g., Rahbani et al., 2022; Vila-Concejo et al., 330 

2010) and BEBs near the entrance of San Francisco Bay (e.g., Hanes and Erikson, 2013), through to 331 

very low energy environments where the main forcing is the wind-driven waves and circulation (Ton 332 

et al., 2021), to BEBs where locally-generated wind waves are the main forcing (e.g., Nordstrom, 333 

1992; Nordstrom and Jackson, 2012; Winkler-Prins et al., 2023). The role of boat wakes on BEB 334 
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morphodynamics has also been acknowledged but not studied in depth (e.g., Bilkovic et al., 2019; 335 

Hughes et al., 2007; Parnell and Kofoed-Hansen, 2001). 336 

Historically, BEBs have lacked the “status” necessary to consider protection and have often been 337 

sacrificed to development. This is obvious both in the case studies and in the published literature. 338 

The sacrificial status of BEBs is exacerbated by their sensitivity to erosion combined with slow 339 

recovery. Many BEBs exist in highly modified coastal environments with many competing 340 

stakeholders who often benefit from this lack of status (e.g., Nordstrom, 1992; Vila-Concejo et al., 341 

2020). For example, private property owners wanting their own beach front (often via engineered 342 

means (e.g., Alterman and Pellach, 2022; Iveson and Vila-Concejo, 2023); coastal infrastructure 343 

altering local waves (e.g., Fellowes et al., 2021; Montes, 2021); and, dam construction changing the 344 

sediment discharge in coastal estuaries (e.g., Addo et al., 2018; Ly, 1980). However, as urban sprawl 345 

and gentrification reshape estuarine cities of the world, some of these often-derelict sacrificial BEBs 346 

become valued enough to be protected, such as in Gamay, Sydney (Fellowes et al., 2021) and San 347 

Francisco Bay (SFEI and Baye, 2020). 348 

All case studies in this paper emphasise the lack of knowledge, classifications/models, and 349 

management tools specific for BEBs (Figure 3). The management of open coast beaches is 350 

underpinned by the knowledge on the drivers of erosion and recovery processes on beaches and the 351 

existence of classification models. Often, one-size fits all management guidelines such as erosion 352 

prone area mapping are developed based on open coast processes which are, in turn, and 353 

inappropriately, applied to BEBs. While ocean waves and locally generated wind waves may be the 354 

cause of erosion under high energy events (e.g., Gallop et al., 2020b); in other cases, erosion might 355 

be caused by engineering interventions, sometimes nearby, sometimes hundreds of kilometres 356 

away, that alter the sediment pathways to the BEBs. Moreover, in the case of some Dutch artificial 357 

beaches, it is the wind-driven circulation combined with very low energy waves that may cause 358 

erosive processes (Ton et al., 2023). Another key consideration is accounting for where eroded 359 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 18 of 27 

sediment goes after being removed (such as during a storm). BEBs seldom have subtidal bars where 360 

the eroded sand can be stored; indeed, in the case studies this is only described for some of the 361 

BEBs in Brazil. More often the eroded sand is transported into the estuary where it can be lost to 362 

deep basins/channels or transported to shoals and/or the flood tide delta. In any case, the pathways 363 

and mechanisms by which this lost sediment may be restored to the BEBs are unknown or non-364 

existent. The complexity of BEB morphodynamics is exacerbated further in that many have a mixed 365 

sediment composition including sand, clay, shells and often gravel (Nordstrom, 1992). 366 

 367 

Figure 3:  Conceptual diagram showing the challenges of managing BEBs in modified estuaries and a 368 

summary of the future steps arising from this paper. 369 

Recent decades have seen the advent of “nature-based” engineering solutions for coastal protection 370 

that aim to replicate nature rather than to work against it. Our paper highlights the potential of BEBs 371 

for this approach, through their ability to protect crucial human infrastructure, in case of the Dutch 372 

artificial beaches, and through their inclusion in marsh restoration projects in the San Francisco Bay. 373 
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Indeed, BEB research and management constitutes an important example of a socio-ecological 374 

challenge where the complexity of the relationships between the ecological and social realms 375 

remain unexplained (Diedrich and Tintoré, 2012). Research has shown that comparing what people 376 

perceive with what is occurring in environmental management scenarios can help identify potential 377 

discords and, hence, shape environmentally significant behaviour (Diedrich and Tintoré, 2012). One 378 

example of this complex socio-ecological challenge is the common disagreement between the 379 

priorities of beach managers and the needs identified through research. For example, in countries 380 

where tourism represents an important industry, management typically prioritises the socio-381 

economic objectives (tourism) over the ecological objectives (e.g. environmental conservation) 382 

(Ariza et al., 2008). Despite both academic circles and governance having adopted a holistic view of 383 

coastal management including both social and ecological realms, at a lower than national level, 384 

private interests and sectorial approaches make the social override of the ecosystem approach 385 

(Ariza et al., 2016). Recent developments of nature-based solutions (Narayan et al., 2016; 386 

Temmerman et al., 2013)  represent opportunities to consolidate a socio-ecological approach to 387 

engage with oyster reef restoration, living shorelines and other ecosystem restoration projects in 388 

which BEBs should be considered. 389 

 390 

4. Future steps in BEBs research 391 

In this section we present four steps to guide future research on BEBs based on our discussions 392 

above (Figure 3). The first two are focused on data acquisition and the last two are focused on tool 393 

development. 394 

The key to setting the future research agenda for BEBs is to first broaden our research focus to 395 

include a greater diversity of BEBs, based on the great variation in the relative importance of the 396 

many factors that drive BEB morphodynamics. For example, including different types of estuaries 397 
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and bays in different parts of the world as current research is clustered sporadically around the 398 

globe (Figure 1) and tends to focus mostly on wind waves as the key driver, with little focus on swell, 399 

infragravity and tidal waves. Moreover, the influence of anthropogenic activity such as reclamation 400 

and impacts from boat wakes should also be considered. In addition, given the importance that 401 

extreme storms have on BEBs, with many BEBs typically exhibiting relict post-storm morphology 402 

(Costas et al., 2005), future research should focus on storm erosion and recovery processes, 403 

including focus on the mechanism by which BEBs recover, as many have an absence of swell waves 404 

and yet erosion may not be a one-way process. Despite such research requiring multi-year 405 

datasets(e.g., van der Lugt et al., 2023), sediment transport pathways within the estuaries and bays 406 

will clarify the relative importance of cross- and long-shore processes and how these relate to 407 

estuarine/bay circulation and geomorphology. 408 

We recommend including more focus on mapping and monitoring BEB locations and morphology, 409 

and long-term monitoring of hydrodynamic processes, drawing inspiration from approaches focused 410 

on the open-coast (e.g., Luijendijk et al., 2018; Vos et al., 2023). Future studies should consider BEB 411 

evolution in relation to evolution and processes of the whole the estuary/bay to identify potential 412 

mitigation measures based on nature-based solutions. This should include FAIR data (Findable, 413 

Accessible, Interoperable, and Reusable) acquisition programs that could involve citizen science 414 

programs such as the Victorian Coastal Monitoring program (Ierodiaconou et al., 2022) or Coast 415 

Snap (Harley and Kinsela, 2022).  416 

The new datasets will be used to develop specific tools to understand and manage BEBs. For 417 

example, new quantitative methods for morphodynamic classification that will allow direct 418 

comparison of the diverse BEBs and that can be used to underpin management and inform policy. 419 

Subsequent research should also focus on developing numerical models to predict BEB evolution at 420 

decadal scales. As anthropogenic climate change modifies our environment driving sea-level rise and 421 

changes in wave and wind climates, the ecosystem service of coastal protection provided by BEBs, as 422 
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well as the other contributions to SDGs 11, 14, and 15, will become more important. Understanding 423 

BEB morphodynamics is essential for the success of ecosystem restoration practices such as 424 

ecosystem restoration or “living shorelines” that are needed to ensure the future of our coastal 425 

estuaries and the cities they serve. Long-term coastal prediction can only be meaningful for BEBs if 426 

we study their idiosyncrasies and consider them properly in our classification models and coastal 427 

management tools and interventions.  428 

 429 

5.  Acknowledgements 430 

Thank you to the NSW Government Chief Scientist & Engineer Conference Sponsorship Program for 431 

the initial workshop to develop this publication. The ICCE 2022 organisers in Sydney helped us 432 

disseminating the workshop. JLL and AVC were supported by University of Sydney partnership 433 

funding. SLG is grateful to the Marsden Fund Council from New Zealand Government funding, 434 

managed by Royal Society Te Apārangi. JWB, MAdS, TDP & MAvdL were supported by NWO grant 435 

#18035 EURECCA.  J.M. was supported by contract BES-2015-073218 (MINECO ADACOSTA project, 436 

grant CGL2014-53153-R). This work is a contribution to the research group RNM-328 of the 437 

Andalusian Research Plan (PAI) and to project CRISIS (grant PID2019-109143RB-I00) funded by 438 

MICINN and ERDF. PD is supported by REST-COAST: EU Horizon 2020 Green-Deal project. AMT was 439 

supported by Rijkswaterstaat, the Netherlands, through the LakeSIDE project. LCCP was supported 440 

by CNPq (314037/2021-7). This work is a contribution to IGCP Project 725 ‘Forecasting Coastal 441 

Change’. This work has received financial support from the Xunta de Galicia (Centro de Investigación 442 

de Galicia accreditation 2019-2022) and the European Union (European Regional Development Fund 443 

- ERDF). We are grateful to two anonymous reviewers who provided feedback that substantially 444 

improved this manuscript.  445 

 446 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 22 of 27 

6. Literature cited. 447 

Accordino, M.F.M., 2022. Studies on an Estuarine Beach: Short- and Long-term Morphological 448 
Change of Marina Bay Beach in San Francisco Bay. (MSc Thesis). University of California 449 
Davis. 450 

Addo, K.A., Nicholls, R.J., Codjoe, S.N.A., Abu, M., 2018. A Biophysical and Socioeconomic Review of 451 
the Volta Delta, Ghana. J. Coast. Res. 34, 1216–1226. https://doi.org/10.2112/JCOASTRES-D-452 
17-00129.1 453 

Alejo, I., Costas, S., Vila-Concejo, A., 2005. Littoral evolution as a response to human action: the case 454 
of two sedimentary systems in a Galician Ria. J. Coast. Res. SI, 64–69. 455 

Alterman, R., Pellach, C., 2022. Beach Access, Property Rights, and Social-Distributive Questions: A 456 
Cross-National Legal Perspective of Fifteen Countries. Sustainability 14, 4237. 457 
https://doi.org/10.3390/su14074237 458 

Alves, B., Angnuureng, D.B., Morand, P., Almar, R., 2020. A review on coastal erosion and flooding 459 
risks and best management practices in West Africa: what has been done and should be 460 
done. J. Coast. Conserv. 24, 38. https://doi.org/10.1007/s11852-020-00755-7 461 

Angnuureng, D.B., Jayson-Quashigah, P.-N., Almar, R., Stieglitz, T.C., Anthony, E.J., Aheto, D.W., 462 
Appeaning Addo, K., 2020. Application of Shore-Based Video and Unmanned Aerial Vehicles 463 
(Drones): Complementary Tools for Beach Studies. Remote Sens. 12, 394. 464 
https://doi.org/10.3390/rs12030394 465 

Anthony, E.J., Gardel, A., Gratiot, N., Proisy, C., Allison, M.A., Dolique, F., Fromard, F., 2010. The 466 
Amazon-influenced muddy coast of South America: A review of mud-bank–shoreline 467 
interactions. Earth-Sci. Rev. 103, 99–121. https://doi.org/10.1016/j.earscirev.2010.09.008 468 

Ariza, E., Jiménez, J.A., Sardá, R., 2008. A critical assessment of beach management on the Catalan 469 
coast. Ocean Coast. Manag. 51, 141–160. https://doi.org/10.1016/j.ocecoaman.2007.02.009 470 

Ariza, E., Pons, F., Breton, F., 2016. Is “socio-ecological culture” really being taken into account to 471 
manage conflicts in the coastal zone? Inputs from Spanish Mediterranean beaches. Ocean 472 
Coast. Manag. 134, 183–193. https://doi.org/10.1016/j.ocecoaman.2016.10.006 473 

Barnard, P.L., Foxgrover, A.C., Elias, E.P.L., Erikson, L.H., Hein, J.R., McGann, M., Mizell, K., 474 
Rosenbauer, R.J., Swarzenski, P.W., Takesue, R.K., Wong, F.L., Woodrow, D.L., 2013. 475 
Integration of bed characteristics, geochemical tracers, current measurements, and 476 
numerical modeling for assessing the provenance of beach sand in the San Francisco Bay 477 
Coastal System. Mar. Geol. 345, 181–206. https://doi.org/10.1016/j.margeo.2013.08.007 478 

Battalio, B., Danmeier, D., Williams, P., 2007. Predicting closure and breaching frequencies of small 479 
tidal inlets ? a quantified conceptual model, in: Coastal Engineering 2006. World Scientific 480 
Publishing Company, pp. 3937–3949. https://doi.org/10.1142/9789812709554_0331 481 

Bernabeu, A.M., Lersundi-Kanpistegi, A.V., Vilas, F., 2012. Gradation from oceanic to estuarine 482 
beaches in a ría environment: A case study in the Ría de Vigo. Estuar. Coast. Shelf Sci. 102–483 
103, 60–69. https://doi.org/10.1016/j.ecss.2012.03.001 484 

Bilkovic, D.M., Mitchell, M.M., Davis, Jennifer, Herman, J., Andrews, E., King, A., Mason, P., 485 
Tahvildari, N., Davis, Jana, Dixon, R.L., 2019. Defining boat wake impacts on shoreline 486 
stability toward management and policy solutions. Ocean Coast. Manag. 182, 104945. 487 
https://doi.org/10.1016/j.ocecoaman.2019.104945 488 

Boatema, M.A.A., Addo, K.A., Mensah, A., 2013. Impacts of shoreline morphological change and sea 489 
level rise on mangroves: the case of the Keta coastal zone. E3 J. Environ. Res. Manag. 4, 490 
0359–0367. 491 

Brand, E., Ramaekers, G., Lodder, Q., 2022. Dutch experience with sand nourishments for dynamic 492 
coastline conservation – An operational overview. Ocean Coast. Manag. 217, 106008. 493 
https://doi.org/10.1016/j.ocecoaman.2021.106008 494 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 23 of 27 

Carrasco, A.R., Ferreira, Ó., Davidson, M., Matias, A., Dias, J.M.A., 2008. An evolutionary 495 
categorisation model for backbarrier environments. Mar. Geol. 251, 156–166. 496 
https://doi.org/10.1016/J.MARGEO.2008.02.009 497 

Carrasco, A.R., Ferreira, Ó., Matias, A., Freire, P., 2012. Natural and human-induced coastal dynamics 498 
at a back-barrier beach. Geomorphology 159, 30–36. 499 

Chen, Z., Wang, Z., Finlayson, B., Chen, J., Yin, D., 2010. Implications of flow control by the Three 500 
Gorges Dam on sediment and channel dynamics of the middle Yangtze (Changjiang) River, 501 
China. Geology 38, 1043–1046. https://doi.org/10.1130/G31271.1 502 

Costas, S., Alejo, I., Vila-Concejo, A., Nombela, M.A., 2005. Persistence of storm-induced morphology 503 
on a modal low-energy beach: A case study from NW-Iberian Peninsula. Mar. Geol. 224, 43–504 
56. https://doi.org/10.1016/j.margeo.2005.08.003 505 

Diedrich, A., Tintoré, J., 2012. Multi-Method Approach to Exploring Social–Ecological Dimensions in a 506 
Mediterranean Suburban Beach Setting. Coast. Manag. 40, 301–311. 507 
https://doi.org/10.1080/08920753.2012.677636 508 

Fellowes, T.E., Vila-Concejo, A., Gallop, S.L., Schosberg, R., de Staercke, V., Largier, J.L., 2021. Decadal 509 
shoreline erosion and recovery of beaches in modified and natural estuaries. 510 
Geomorphology 390, 107884. https://doi.org/10.1016/J.GEOMORPH.2021.107884 511 

Freire, P., Ferreira, Ó., Taborda, R., Oliveira, F., Carrasco, A.R., Silva, A., Vargas, C., Capitão, R., Fortes, 512 
C., Coli, A., Santos, J., 2009. Morphodynamics of fetch-limited beaches in contrasting 513 
environments. J. Coast. Res. 2009, 183–187. 514 

Freire, P., Jackson, N.L., Nordstrom, K.F., 2013. Defining beaches and their evolutionary states in 515 
estuaries. J. Coast. Res. 65, 482–487. https://doi.org/10.2112/SI65-082.1 516 

Gallop, S.L., Kennedy, D.M., Loureiro, C., Naylor, L.A., Muñoz-Pérez, J.J., Jackson, D.W.T., Fellowes, 517 
T.E., 2020a. Geologically controlled sandy beaches: Their geomorphology, morphodynamics 518 
and classification. Sci. Total Environ. 731, 139123. 519 
https://doi.org/10.1016/j.scitotenv.2020.139123 520 

Gallop, S.L., Vila-Concejo, A., Fellowes, T.E., Harley, M.D., Rahbani, M., Largier, J.L., 2020b. Wave 521 
direction shift triggered severe erosion of beaches in estuaries and bays with limited post-522 
storm recovery. Earth Surf. Process. Landf. 45, 3854–3868. 523 
https://doi.org/10.1002/esp.5005 524 

Gonzalez-Villanueva, R., Costas, S., Alejo, I., Perez-Arlucea, M., 2007. Morphological changes forced 525 
by the tidal cycle in a low energy estuarine beach. J. Coast. Res. SI, 1010–1014. 526 

Guedes, R.M.C., Pereira, P.S., Calliari, L.J., 2009. Morfodinâmica da praia e zona de arrebentação do 527 
Cassino, RS através de técnicas de vídeo imageamento e perfis de praia. Pesqui. Em 528 
Geociências 36, 165–180. https://doi.org/10.22456/1807-9806.17863 529 

Hallermeier, R.J., 1980. A profile zonation for seasonal sand beaches from wave climate. Coast. Eng. 530 
4, 253–277. https://doi.org/10.1016/0378-3839(80)90022-8 531 

Hallermeier, R.J., 1978. Uses for a Calculated Limit Depth to Beach Erosion 1493–1512. 532 
https://doi.org/10.1061/9780872621909.090 533 

Hanes, D.M., Erikson, L.H., 2013. The significance of ultra-refracted surface gravity waves on 534 
sheltered coasts, with application to San Francisco Bay. Estuar. Coast. Shelf Sci. 133, 129–535 
136. https://doi.org/10.1016/j.ecss.2013.08.022 536 

Hanes, D.M., Ward, K., Erikson, L.H., 2011. Waves and tides responsible for the intermittent closure 537 
of the entrance of a small, sheltered tidal wetland at San Francisco, CA. Cont. Shelf Res. 31, 538 
1682–1687. https://doi.org/10.1016/j.csr.2011.07.004 539 

Harley, M.D., Kinsela, M.A., 2022. CoastSnap: A global citizen science program to monitor changing 540 
coastlines. Cont. Shelf Res. 245, 104796. https://doi.org/10.1016/j.csr.2022.104796 541 

Harris, D.L., Vila-Concejo, A., Austin, T., Benavente, J., 2020. Multi-scale morphodynamics of an 542 
estuarine beach adjacent to a flood-tide delta: Assessing decadal scale erosion. Estuar. 543 
Coast. Shelf Sci. 241, 106759. https://doi.org/10.1016/j.ecss.2020.106759 544 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 24 of 27 

Hegge, B., Eliot, I.G., Hsu, J., 1996. Sheltered Sandy Beaches of Southwestern Australia. J. Coast. Res. 545 
12, 748–760. 546 

Hughes, Z.J., FitzGerald, D.M., Howes, N.C., Rosen, P.S., 2007. The Impact of Natural Waves and 547 
Ferry Wakes on Bluff Erosion and Beach Morphology in Boston Harbor, USA. J. Coast. Res. 548 
497–501. 549 

Ierodiaconou, D., Kennedy, D.M., Pucino, N., Allan, B.M., McCarroll, R.J., Ferns, L.W., Carvalho, R.C., 550 
Sorrell, K., Leach, C., Young, M., 2022. Citizen science unoccupied aerial vehicles: A 551 
technique for advancing coastal data acquisition for management and research. Cont. Shelf 552 
Res. 244, 104800. https://doi.org/10.1016/j.csr.2022.104800 553 

Iveson, K., Vila-Concejo, A., 2023. Beachfront protection as beach privatisation: coastlines, properly 554 
lines and climate change adaptation in Sydney, in: Low, S. (Ed.), Beach Politics: Illiberal 555 
Urbanism and the Privatization of Public Space. New York University Press. 556 

Jackson, N.L., Nordstrom, K.F., Eliot, I.G., Masselink, G., 2002. “Low energy” sandy beaches in marine 557 
and estuarine environments: a review. Geomorphology 48, 147–162. 558 

Kennedy, D.M., 2002. Estuarine beach morphology in Microtidal Middle Harbour, Sydney. Aust. 559 
Geogr. Stud. 40, 231–240. 560 

Kortatsi, B.K., Young, E., Mensah-Bonsu, A., 2005. Potential impact of large scale abstraction on the 561 
quality of shallow groundwater for irrigation in the Keta Strip, Ghana. West Afr. J. Appl. Ecol. 562 
8. https://doi.org/10.4314/wajae.v8i1.45780 563 

Largier, J.L., Taggart, M., 2006. Improving water quality at enclosed beaches. A Report on the 564 
Enclosed Beach Symposium and Workshop (Clean Beaches Initiative) (No. June). State of 565 
California State Water Resources Control Board Clean Beaches Initiative, Bodega Bay. 566 

Luijendijk, A., Hagenaars, G., Ranasinghe, R., Baart, F., Donchyts, G., Aarninkhof, S., 2018. The State 567 
of the World’s Beaches. Sci. Rep. 8, 6641. https://doi.org/10.1038/s41598-018-24630-6 568 

Ly, C.K., 1980. The role of the Akosombo Dam on the Volta river in causing coastal erosion in central 569 
and eastern Ghana (West Africa). Mar. Geol. 37, 323–332. https://doi.org/10.1016/0025-570 
3227(80)90108-5 571 

Marques, W.C., Fernandes, E.H.L., Moraes, B.C., Möller, O.O., Malcherek, A., 2010. Dynamics of the 572 
Patos Lagoon coastal plume and its contribution to the deposition pattern of the southern 573 
Brazilian inner shelf. J. Geophys. Res. Oceans 115. https://doi.org/10.1029/2010JC006190 574 

Montes, J., 2021. Vulnerabilidad costera ante los procesos de erosión e inundación en el marco del 575 
cambio climático en la Bahía de Cádiz y Bahía de Algeciras. PhD Thesis,  225 p (PhD Thesis). 576 
Universidad de Cádiz, Cádiz, Spain. 577 

Narayan, S., Beck, M.W., Reguero, B.G., Losada, I.J., Wesenbeeck, B. van, Pontee, N., Sanchirico, J.N., 578 
Ingram, J.C., Lange, G.-M., Burks-Copes, K.A., 2016. The Effectiveness, Costs and Coastal 579 
Protection Benefits of Natural and Nature-Based Defences. PLOS ONE 11, e0154735. 580 
https://doi.org/10.1371/journal.pone.0154735 581 

Nordstrom, K.F., 1992. Estuarine Beaches: An introduction to the physical and human factors 582 
affecting use and management of beaches in estuaries, lagoons, bays and fjords. Elsevier 583 
Science Publishers, Essex. 584 

Nordstrom, K.F., 1980. Cyclic and Seasonal Beach Response: A Comparison of Oceanside and Bayside 585 
Beaches. Phys. Geogr. 1, 177–196. https://doi.org/10.1080/02723646.1980.10642199 586 

Nordstrom, K.F., Jackson, N.L., 2012. Physical processes and landforms on beaches in short fetch 587 
environments in estuaries, small lakes and reservoirs: A review. Earth-Sci. Rev. 111, 232–588 
247. https://doi.org/10.1016/J.EARSCIREV.2011.12.004 589 

Parnell, K.E., Kofoed-Hansen, H., 2001. Wakes from Large High-Speed Ferries in Confined Coastal 590 
Waters: Management Approaches with Examples from New Zealand and Denmark. Coast. 591 
Manag. 29, 217–237. https://doi.org/10.1080/08920750152102044 592 

Pereira, L.C.C., Vila-Concejo, A., Short, Andrew D., 2016. Coastal morphodynamic processes on the 593 
macro-tidal beaches of Pará state under tidally-modulated wave conditions, in: Short, A D, 594 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 25 of 27 

Klein, A. (Eds.), Brazilian Beach Systems. Springer, pp. 95–124. https://doi.org/10.1007/978-595 
3-319-30394-9_4 596 

Perk, L., van Rijn, L., Koudstaal, K., Fordeyn, J., 2019. A Rational Method for the Design of Sand 597 
Dike/Dune Systems at Sheltered Sites; Wadden Sea Coast of Texel, The Netherlands. J. Mar. 598 
Sci. Eng. 7, 324. https://doi.org/10.3390/jmse7090324 599 

Rahbani, M., Vila-Concejo, A., Fellowes, T.E., Gallop, S.L., Winkler-Prins, L., Largier, J.L., 2022. Spatial 600 
patterns in wave signatures on beaches in estuaries and bays. Geomorphology 398, 108070. 601 
https://doi.org/10.1016/J.GEOMORPH.2021.108070 602 

SFEI, Baye, P., 2020. New Life for Eroding Shorelines: Beach and Marsh Edge Change in the San 603 
Francisco Estuary (No. SFEI Publication #984). San Francisco Estuary Institute, Richmond, CA, 604 
USA. 605 

Short, A.D., 2006. Australian beach systems - nature and distribution. J. Coast. Res. 22, 11–27. 606 
https://doi.org/Doi:10.2112/05a-0002.1 607 

Short, A.D., Trenaman, N.L., 1992. Wave climate of the Sydney region, an energetic and highly 608 
variable ocean wave regime. Mar. Freshw. Res. 43, 765–791. 609 
http://dx.doi.org/10.1071/MF9920765 610 

Short, A.D., Woodroffe, C.D., 2009. The Coast of Australia. Cambridge University Press. 611 
Talke, S.A., Stacey, M.T., 2003. The influence of oceanic swell on flows over an estuarine intertidal 612 

mudflat in San Francisco Bay. Estuar. Coast. Shelf Sci. 58, 541–554. 613 
https://doi.org/10.1016/S0272-7714(03)00132-X 614 

Temmerman, S., Meire, P., Bouma, T.J., Herman, P.M.J., Ysebaert, T., De Vriend, H.J., 2013. 615 
Ecosystem-based coastal defence in the face of global change. Nature 504, 79–83. 616 
https://doi.org/10.1038/nature12859 617 

Ton, A.M., Vuik, V., Aarninkhof, S.G.J., 2023. Longshore sediment transport by large-scale lake 618 
circulations at low-energy, non-tidal beaches: A field and model study. Coast. Eng. 180, 619 
104268. https://doi.org/10.1016/j.coastaleng.2022.104268 620 

Ton, A.M., Vuik, V., Aarninkhof, S.G.J., 2021. Sandy beaches in low-energy, non-tidal environments: 621 
Linking morphological development to hydrodynamic forcing. Geomorphology 374, 107522. 622 
https://doi.org/10.1016/J.GEOMORPH.2020.107522 623 

Tozzi, H.A.D.M., Calliari, L.J., 2000. Morfodinâmica da Praia do Cassino, RS. Pesqui. Em Geociências 624 
27, 29–42. https://doi.org/10.22456/1807-9806.20176 625 

Travers, A., 2007. Low-energy beach morphology with respect to physical setting: a case study from 626 
Cockburn Sound, Southwestern Australia. J. Coast. Res. 23, 429–444. 627 

Travers, A., Eliot, M.J., Eliot, I.G., Jendrzejczak, M., 2010. Sheltered sandy beaches of southwestern 628 
Australia. Geol. Soc. Lond. Spec. Publ. 346, 23–42. https://doi.org/10.1144/sp346.3 629 

UN, 2015. THE 17 GOALS | Sustainable Development [WWW Document]. U. N. Sustain. Dev. Goals. 630 
URL https://sdgs.un.org/goals (accessed 8.21.23). 631 

van der Lugt, M.A., Bosma, J.W., de Schipper, M.A., Price, T.D., van Maarseveen, M.C.G., van der 632 
Gaag, P., Ruessink, B.G., Reniers, A.J.H.M., Aarninkhof, S.G.J., 2023. Measurements of 633 
morphodynamics of a sheltered beach along the Dutch Wadden Sea. Earth Syst. Sci. Data 634 
Discuss. 1–23. https://doi.org/10.5194/essd-2023-345 635 

van Kouwen, N.C., Ton, A.M., Vos, S.E., Vijverberg, T., Reniers, A.J.H.M., Aarninkhof, S.G.J., 2023. 636 
Quantifying spit growth and its hydrodynamic drivers in wind-dominated lake environments. 637 
Geomorphology 437, 108799. https://doi.org/10.1016/j.geomorph.2023.108799 638 

Vila-Concejo, A., Gallop, S.L., Largier, J.L., 2020. Sandy beaches in estuaries and bays, in: Jackson, 639 
D.W.T., Short, A.D. (Eds.), Sandy Beach Morphodynamics. Elsevier Ltd. 640 
https://doi.org/10.1016/b978-0-08-102927-5.00015-1 641 

Vila-Concejo, A., Hughes, M.G., Short, A.D., Ranasinghe, R.R., 2010. Estuarine shoreline processes in 642 
a dynamic low-energy system. Ocean Dyn. 60, 285–298. https://doi.org/10.1007/s10236-643 
010-0273-7 644 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 26 of 27 

Vos, K., Harley, M.D., Turner, I.L., Splinter, K.D., 2023. Pacific shoreline erosion and accretion 645 
patterns controlled by El Niño/Southern Oscillation. Nat. Geosci. 16, 140–146. 646 
https://doi.org/10.1038/s41561-022-01117-8 647 

Winkler-Prins, L., Largier, J.L., Vila-Concejo, A., Gallop, S.L., Fellowes, T.E., Rahbani, M., 2023. 648 
Components and tidal modulation of the wave field in a semi-enclosed shallow bay. 649 
Estuaries Coasts 46. 650 

Wu, S., Cheng, H., Xu, Y.J., Li, J., Zheng, S., 2016. Decadal changes in bathymetry of the Yangtze River 651 
Estuary: Human impacts and potential saltwater intrusion. Estuar. Coast. Shelf Sci. 182, 158–652 
169. https://doi.org/10.1016/j.ecss.2016.10.002 653 

Wu, Z., Milliman, J.D., Zhao, D., Cao, Z., Zhou, J., Zhou, C., 2018. Geomorphologic changes in the 654 
lower Pearl River Delta, 1850–2015, largely due to human activity. Geomorphology 314, 42–655 
54. https://doi.org/10.1016/j.geomorph.2018.05.001 656 

Yu, F., Switzer, A.D., Lau, A.Y.A., Yeung, H.Y.E., Chik, S.W., Chiu, H.C., Huang, Z., Pile, J., 2013. A 657 
comparison of the post-storm recovery of two sandy beaches on Hong Kong Island, southern 658 
China. Quat. Int. 304, 163–175. https://doi.org/10.1016/j.quaint.2013.04.002 659 

Zhang, H., Chen, X., Luo, Y., 2016. An overview of ecohydrology of the Yellow River delta wetland. 660 
Ecohydrol. Hydrobiol., New Challenges and Dimensions of Ecohydrology, Part II 16, 39–44. 661 
https://doi.org/10.1016/j.ecohyd.2015.10.001  662 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7


Accepted Manuscript 
 
 

 

  Page 27 of 27 

Author contribution statement AVC, TEF, SLG conceived the research and organised a workshop 663 

that was attended by most other authors. AVC, TEF, and SLG led the writing and figure design. All 664 

authors participated in their regional case studies and contributed to writing and editing the text and 665 

figures. 666 

Financial support This research was partially funded by the following sources: 667 

- The NSW Government Chief Scientist & Engineer Conference Sponsorship Program 668 

- University of Sydney- University of California, Davis partnership funding 669 

- Marsden Fund Council from New Zealand Government funding, managed by Royal Society 670 

Te Apārangi.  671 

- NWO grant #18035 EURECCA. 672 

- Contract BES-2015-073218 (MINECO ADACOSTA project, grant CGL2014-53153-R).  673 

- Project CRISIS (grant PID2019-109143RB-I00) funded by MICINN and ERDF. 674 

- REST-COAST: EU Horizon 2020 Green-Deal project.  675 

- LakeSIDE project Rijkswaterstaat, the Netherlands.  676 

- CNPq (314037/2021-7) 677 

- Financial support from the Xunta de Galicia (Centro de Investigación de Galicia accreditation 678 

2019-2022)  679 

- European Union (European Regional Development Fund - ERDF). 680 

Conflict of interest statement All authors declare no conflicts of interest with this publication. 681 

Data availability statement This manuscript does not present any new data. 682 

https://doi.org/10.1017/cft.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2024.7

