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Abstract In the past 1000 years, the continuous need for fertile and strategically located land has led to the
reclamation of intertidal areas. The direct and short‐term impact of land reclamation is a reduction in intertidal
storage space and the loss of ecological value. Its long‐term impact on the tidal landscape is variable but
surprisingly poorly known. In this contribution, we review the impacts of land reclamation in a wide range of
physical environments. Land reclamation along exposed, muddy coastlines leads to erosion or accretion,
depending on local transport conditions and sediment availability. Confined muddy coasts (typically estuaries)
respond by progressive infilling of tidal channels, especially when their upper reaches have been reclaimed.
More gradual reclamation along the length of an estuary can lead to tidal amplification, while reclamation at the
estuary mouth may additionally lead to channel erosion. The response timescales may be very long (up to
centuries) especially when controlled by positive feedback mechanisms between tidal dynamics and landscape
evolution. Therefore, some of the present day land reclamations will influence or possibly control the evolution
of the coastal landscape in the coming decades to even centuries. In sediment‐poor coastal bays, the reduction in
tidal prism mainly leads to lower exchange rates and, therefore, to a reduction in water quality. The framework
introduced here facilitates the assessment of the past and future impacts of land reclamations in tide‐dominated
environments. This understanding is crucial to predict the response of land reclamation‐impacted coastal
systems to accelerated sea level rise.

Plain Language Summary Fertile and low‐lying coastal landscapes are often densely populated due
to food supply (agriculture, aquaculture, and fisheries) and easy navigability (shipping lanes). Much of the low‐
lying land that is regularly inundated by the sea has been converted to agricultural land or urban environments to
meet the need for land. This reclamation of land influences the tidal dynamics of the coastal environment, which
in turn modifies its morphology. Through various complex tide‐topography interactions identified in this paper,
we explore how the location and extent of land reclamation influences tides and bed levels in various tidal
environments. We especially point to the key role of sediments herein, introducing feedback mechanisms that
lead to large impacts on tidal landscapes, but also long adaptation times. This is especially the case for estuaries
due to their confinement and the typically large availability of sediments.

1. Introduction
1.1. Motivation

Most of the world's low‐lying coastlines are densely populated, with 38% of the global population living within
100 km from the sea (Barbier, 2015) and 10% of the global population inhabiting the low‐elevation coastal zone
(LECZ) at an altitude less than 10 m above Mean Sea Level (McGranahan et al., 2007; Neumann et al., 2015).
Population growth is also relatively large in these coastal areas, with the LECZ expected to contribute to 12% of
the global population by 2060 (Neumann et al., 2015). Within the LECZ, the population density in deltaic areas is
2.6 times larger (and the urbanization rate 2 times larger) than in the non‐deltaic LECZ (McGranahan et al., 2023).
Humans have reshaped deltas in the past 7,000 years through various hydraulic engineering works to harness
resources, protect against floods, erosion and avulsions, and encourage urbanization, agriculture and engineering
(Anthony et al., 2024). These demographic developments have put the available land under pressure and have
resulted in the reclamation of wetlands into agricultural or urbanized land (Fluet‐Chouinard et al., 2023).

Land reclamations exist in a wide variety of types, sizes, and shapes, reflecting the coastal environments in which
they are constructed, their purpose, and the period and regions of construction. Land reclamations may have

REVIEW ARTICLE
10.1029/2024RG000860

Key Points:
• Reclamation of intertidal land strongly

controls tidal dynamics and bed
stability in tide‐dominated coastal and
estuarine environments

• Along‐estuary land reclamation leads
to tidal amplification but reclamation
of inland areas to lower flow velocities
and channel infilling

• Tidal channel networks are especially
vulnerable to land reclamation, driving
persistent erosion of tidal channels
connecting distributaries

Correspondence to:
D. S. van Maren,
bas.vanmaren@deltares.nl

Citation:
van Maren, D. S., Schrijvershof, R. A.,
Beemster, J., Zhu, C., Xie, D., Zhou, Z.,
et al. (2025). Land reclamation impacts on
tidal landscape evolution. Reviews of
Geophysics, 63, e2024RG000860. https://
doi.org/10.1029/2024RG000860

Received 14 NOV 2024
Accepted 3 JUL 2025

Author Contributions:
Conceptualization: D. S. van Maren,
R. A. Schrijvershof, J. Beemster,
A. J. F. Hoitink
Data curation: D. S. van Maren,
R. A. Schrijvershof, C. Zhu, D. Xie,
Z. Zhou, A. Colina Alonso
Formal analysis: D. S. van Maren,
J. Beemster, A. J. F. Hoitink
Methodology: D. S. van Maren,
R. A. Schrijvershof, J. Beemster,
A. J. F. Hoitink
Visualization: D. S. van Maren, C. Zhu
Writing – original draft:
D. S. van Maren, R. A. Schrijvershof,
J. Beemster, C. Zhu, D. Xie, Z. Zhou,
A. Colina Alonso, A. J. F. Hoitink

© 2025. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

VAN MAREN ET AL. 1 of 39

https://orcid.org/0000-0001-5820-3212
https://orcid.org/0000-0003-4178-4406
https://orcid.org/0000-0002-3178-6689
https://orcid.org/0000-0003-0735-9895
https://orcid.org/0000-0002-1790-7173
https://orcid.org/0000-0003-3123-4240
https://orcid.org/0000-0003-4996-185X
mailto:bas.vanmaren@deltares.nl
https://doi.org/10.1029/2024RG000860
https://doi.org/10.1029/2024RG000860
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024RG000860&domain=pdf&date_stamp=2025-08-21


gradually encroached seaward by trapping of sediments or more suddenly by the creation of embankments in the
intertidal zone, but may also be realized by closing off estuaries and embayments, or through the development of
artificial islands. They may be constructed along open, exposed coastlines, but also within estuaries and lagoons.
Half of the world's coastal wetlands were lost in the 20th century (∼200,000 km2; see X. Li, Bellerby,
et al. (2018)). Another 13,700 km2 of wetland was lost in the 21st century (of which 27% due to land reclamation),
although a large amount of wetland loss was compensated for by the development of 9,700 km2 of new wetland
(Murray et al., 2022). In addition, 2530 km2 of land was reclaimed in the 21st century by seaward expansion of the
coastline, mostly for port facilities and industry (Sengupta et al., 2023) and concentrated in Asia, accounting for
90% of all land reclamation between 1984 and 2019 (Jung et al., 2024). The 4,000 km long shoreline of the Yellow
Sea, for instance, has lost 65% of its tidal flats due to land reclamation in the past 50 years (Murray et al., 2014).

The destruction of wetlands for land reclamation purposes leads to losses of ecological value (Barbier et al., 2011;
Kelleway et al., 2017), resilience against floods (Kirwan & Megonigal, 2013; Spencer et al., 2016), and con-
nectivity (Bishop et al., 2017; Olds et al., 2018). Since resilient wetlands serve to protect the coast (Temmerman
et al., 2013, 2023; Van Zelst et al., 2021; Z. Zhu et al., 2020), their destruction for land reclamation purposes
negatively influences coastal safety. In fact, natural buffers that have the capacity to mitigate the effects of climate
change (Kirezci et al., 2020; Neumann et al., 2015) are often sacrificed. Land reclamation may strongly influence
tidal dynamics, sometimes leading to amplification of the tides (Stark et al., 2017; vanMaren, Alonso, et al., 2023;
van Maren, Beemster, et al., 2023; Weisscher et al., 2022) and resulting in channel erosion (Nnafie et al., 2019).
With limited maintenance dredging, reclamation may also lead to basin infilling (Pierik, 2021; van Maren
et al., 2016; Xie et al., 2017, 2022), thereby damping the tides (L. Li et al., 2019). The loss of net depositional
areas associated with land reclamation disturbs the natural sediment balance, resulting in increasing turbidity
levels (Morris & Mitchell, 2013; van Maren et al., 2016) and sediment deposition (Benninghoff & Winter, 2019;
van Maren, Alonso, et al., 2023). Large‐scale land reclamation can strongly reduce tidal flow velocities and
associated mixing rates (J. Shi et al., 2011; C. Xu et al., 2021), exerting an unfavorable impact on water quality (R.
Jia et al., 2018; Lyu et al., 2022; Yamaguchi & Hayami, 2018).

The ecological impact of land reclamation is covered in several literature reviews (Bishop et al., 2017; Gedan
et al., 2009; Gittman et al., 2015; He & Silliman, 2019; Kennish, 2001). Review studies addressing the hydro-
morphological impacts of human control measures in estuaries have mainly focused on changing upstream
sediment loads (Syvitski et al., 2005; Syvitski & Kettner, 2011; Walling, 2006) or on tidal channel deepening
(Haigh et al., 2020; Talke & Jay, 2020; Winterwerp & Wang, 2013, 2021). Despite their major impact on the
environment, the hydromorphological response to land reclamation has not yet received similar attention to date–
only the impact of estuarine dams and weirs was recently synthesized by Figueroa and Son (2024). Through the
wide range of individual case studies available, we know that the impact of reclamation works depends on their
size, shape, and type (Zhong & Hu, 2021), their position within the coastal system (C. Li et al., 2016; Yang &
Chui, 2017; Weisscher et al., 2022) and the sequence of their construction (G. D. Gao et al., 2014; Weisscher
et al., 2022; vanMaren, Beemster, et al., 2023), but also on the coastal environment in which they are constructed.
However, a systematic framework relating these case studies does not yet exist, limiting generic understanding of
the historic but also future response of tide‐dominated environments to land reclamation.

1.2. Scope

This review focuses on the impact of land reclamations in tidal landscapes on tidal deformation and morpho-
dynamic changes. Largely consistent with Galloway (1975) and Dalrymple and Choi (2007), who (respectively)
focused on deltas and fluvial‐marine systems, we define tidal landscapes as landscapes where tidal currents are
responsible for the majority of sediment transport relative to river currents and waves, and thus largely control
geomorphology. As will be explained in greater detail throughout this paper, such tidal landscapes are strongly
impacted by reclamation works, with response timescales up to centuries. The slow but also pronounced response
of tidal landscapes to land reclamations can be explained with tide‐topography interactions and feedback
mechanisms which will be extensively addressed later (Sections 2 and 3, respectively). Tidal environments are
highly suitable for, and have thus been strongly impacted by, land reclamation because (a) their offshore profiles
are gently sloping, especially when sediment supply is abundant and/or (b) they often have tidal (sub)basins
which can be closed and reclaimed. Examples elaborated on in this review include:
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1. Land reclaimed slowly over centuries by semi‐natural sediment trapping on intertidal areas, followed by
subsequent drainage and poldering, as common in Northwest Europe (Figure 1a).

2. Closure of estuaries and tidal basins (as progressively more common by the end of the 20th century, Figure 1b).
3. Conversion of wetlands to salt ponds or fish ponds (Figure 1c).
4. Direct occupation of supratidal wetlands and upper intertidal flats through the construction of seadikes and

subsequent drainage, common practice in the 20th and 21st century (Figures 1d–1f).

The impact of land reclamation is strongly influenced by its confinement and availability of sediments. Areas with
a large sediment availability are often characterized by gently sloping intertidal zones, which are suitable for
reclamation. The availability of sediments also influences the response rate and gives rise to positive feedback
mechanisms which may strongly extend the duration of a response (see Section 3). Furthermore, land reclamation
strongly influences its environment when it is confined within a bay or estuary. We therefore distinguish three
overall landscape types in this paper: (a) enclosed muddy coasts, (b) open muddy coasts, and (c) confined systems
with low sediment availability. We identify the role of land reclamations by examining data of coastal response in
combination with historical reclamation. In many coastal systems, this relation is obscured by concurrent human
interventions that influence sediment supply, river discharge, or tidal propagation. We keep our focus on the role
of land reclamations by examining data over periods in which land reclamation was the dominant intervention.
For some systems, this was the period of early settlement, for which data is available in the form of navigation
charts or geologic reconstructions; construction of reservoirs or deepening of channels started centuries later. The
rapidly developing deltas along the Asian coastline were strongly influenced by land reclamations from the
mid‐20th century onward, with the impact of deepening and large‐scale reservoir construction typically playing an
additional (or dominant) role from the 21st century onward. This provides a time window for our review to
focus on.

This review does not address land reclamation through island building (Smith et al., 2019; Subraelu et al., 2022)
and land fill reclamations in general (Martín‐Antón et al., 2016) due to its smaller impact on tidal hydrodynamics.
Given our focus on tidal deformation and morphodynamic changes, we also exclude the more subtle effects of
land reclamation on tidal dynamics of coastal seas (see e.g. Song et al. (2013) or Feng and Feng (2021)). While
addressing the hydro‐ and morphodynamic changes in water bodies seaward of closures we do not discuss
changes landward of these constructions (e.g., infilling of water bodies behind tidal barrages). We also do not
evaluate the estuarine or coastal response to reservoirs constructed in the river domain, which is covered by other
reviews (Syvitski et al., 2005; Syvitski & Kettner, 2011; Walling, 2006). Most of our key study sites reveal a
response to reclamation before large‐scale reservoir construction. However, the sediment load in rivers has been

Figure 1. Visual overview of land reclamation types in type‐dominated estuaries: a centuries‐old land reclamation method
gradually converting intertidal area to agricultural land (Dutch‐German Wadden Sea, a); a dam closing off the largest land
reclamation of the world (South Sea, b); Salt ponds (South San Francisco Bay, c); a polder with former creek now functioning
as drainage channel (Bangladesh, d); recent concrete embankments preparing wetlands for reclamation (Yangtze River
mouth, e); and gradual conversion from salt marsh to urban area (Hangzhou Bay, f). Photos courtesy of Siebe Swart (a),
Staartjes Fotografie Deventer (b), https://commons.wikimedia.org/wiki/File:South_San_Francisco_Bay_salt_ponds_and_
wildlife_refuges.jpg (c), https://www.bluegoldwiki.com/index.php?curid=2281 (d), SKLEC (e), and https://map.tianditu.
gov.cn (f).
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anthropogenically influenced before the construction of reservoirs, mainly due to changes in land use (Syvitski
et al., 2022). Such changes are typically only very limitedly known and, therefore, not explicitly addressed.

1.3. Methodology

This review is primarily based on information collected from scientific literature, supplemented with technical
reports openly accessible through internet, obtained via a wide range of search terms. As explained in the previous
section, the impact of land reclamation is obscured by additional human interventions executed simultaneously.
Much land was reclaimed centuries ago during periods with limited data availability, preventing a quantitative
assessment of the hydromorphological response. Data are often more abundantly available for recent reclama-
tions. However, such recent reclamation works are often executed concurrently with other major human in-
terventions such as the construction of upstream reservoirs and/or deepening of tidal channels for navigation
purposes, obscuring the isolated impact of land reclamation.

We identify two types of systems for which data documenting the impact of land reclamation are available in the
literature. The first type constitutes historic reclamations realized centuries ago in systemswith important fairways
for which navigation charts and water level observations are available. The second type describes reclamations
sufficiently modern to be monitored, but executed before the additional effects of channel deepening or con-
struction of upstream reservoirs additionally influenced its hydrogeomorphological response. Through this pro-
cess, we have collected 54 sites in which observational data is available to quantitatively relate the landscape
changes to land reclamation works (see Table 1). Within these 54 sites, we identified nine key sites for which a
relatively large amount of data is available covering (a) timeseries of land reclamation areas, tidal range and
channel infill volumes, and (b) maps showing the extent of the reclamations. A global map of our 54 case studies
(with the nine key sites in purple) is provided in Figure 2, classified according to response type which will be
detailed in Section 4. Sediment availability, especiallymud, is herein an important factor (as will also be elaborated
in Sections 2 and 3) and therefore we also provide the mud content (global data set from Hulskamp et al., 2023).

The results of our review are presented in four parts. First, we provide a general background to intertidal areas and
the interaction between intertidal environments and the coastal system (Section 2). The impact of land recla-
mation may be pronounced and long‐lasting because of positive feedback mechanisms that strengthen the effect
of the intervention. Therefore, we introduce these concepts in Section 3. We then introduce a framework that
explains how different reclamations influence their environment in Section 4. This framework is based on our
interpretation of the literature documenting the response of all 54 sites. Thereafter (Section 5), we describe the
response of the nine key sites in greater detail and interpret their response using our framework.

2. Tide‐Topography Interaction: The Role of Intertidal Areas
2.1. Intertidal Areas

In tide‐dominated environments, reclaimed land often comprise former tidal wetlands and intertidal flats. Tidal
wetlands are typically inundated during spring tides and storm events, and vegetated with salt marshes in
temperate regions and mangroves in tropical areas. Seaward of these wetlands, the intertidal flats are gently
sloping regions that are submerged during parts of the tidal cycle. Their width is mainly determined by local
hydrodynamic conditions (such as the tidal range and wave height) and the availability of sediment (S. Gao, 2019;
Roberts et al., 2000). Low‐energy, macro‐tidal, and sediment‐rich environments tend to favor the development of
wide tidal flats. These flats are typically several km wide, but may extend up to several tens of kilometers along
the Chinese continental shelf (N. Xu, Ma, et al., 2022) and the South American coast (Anthony et al., 2010). The
relative importance of waves and tides controls the shape of the flat, with tidal dominance resulting in convex‐
upward flats and wave‐dominance in concave‐upward flats (Friedrichs, 2011). Tidal flats can be muddy or sandy,
with the mud content typically increasing in the landward direction. Vegetation on tidal wetlands increases flow
resistance and wave dissipation, enhancing sediment deposition and promoting elevation gain. The presence of
diverse vegetation species generally increases stability of tidal wetlands and therefore enhances resilience to sea
level rise (D’Alpaos et al., 2012).

Tidal flat hydrodynamics are governed by the prevailing alongshore tidal currents in deeper water and cross‐shore
tidal currents over the intertidal zone (Figure 3). The alongshore tidal currents in estuaries and coastal seas are
primarily driven by the alongshore barotropic water level gradient. Relatively high friction over the tidal flats
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Table 1
Overview of Study Sites (and References) per Response Type

Response type System

Infilling (reclamation) Ems Estuary, the Netherlands (Pierik, 2021; Schrijvershof et al., 2024; van Maren et al., 2016)

South Bay (San Francisco Bay), United States (Foxgrover et al., 2004; B. Jaffe & Foxgrover, 2006; Fregoso
et al., 2008)

North Branch (Yangtze delta), China (Guo et al., 2021; S. Wu et al., 2019; X. Zhang et al., 2022)

Outer Hangzhou Bay, China (Z.‐j. Dai et al., 2014; L. Li et al., 2019; Y. Shi et al., 2022; Xie et al., 2017)

Lingding Bay (Pearl River Estuary), China (Han et al., 2023; H. Wang et al., 2020; X. Zhang et al., 2022; P. Zhang
et al., 2021)

Deep bay (Pearl River Estuary), China (Yang & Chui, 2017)

Xiangshan Bay, China (L. Li et al., 2017, L. Li, Bellerby, et al., 2018)

Xiamen Bay, China (Y. Chen et al., 2019; J. Wang et al., 2013)

Puba Bay, China (Y. Liu et al., 2024)

Ribble Estuary, United Kingdom (Van Der Wal et al., 2002)

Sydney Estuary, Australia (Birch et al., 2009; McLoughlin, 2000)

Ord Estuary, Australia (Wolanski et al., 2001)

Manilla Bay, the Philippines (MBSDMP, 2020; Siringan & Ringor, 1998)

Infilling (closure dams) South Sea, the Netherlands (Colina Alonso et al., 2021; Elias et al., 2012; Kragtwijk et al., 2004; van Maren, Alonso,
et al., 2023)

Haringvliet Estuary, the Netherlands (Elias et al., 2017; Tonis et al., 2002; Van Der Spek & Elias, 2021)

Grevelingen Estuary, the Netherlands (Elias et al., 2017; Van Der Spek & Elias, 2021)

Lauwers Sea, the Netherlands (A. P. Oost, 1995; van Maren, Alonso, et al., 2023)

Vilaine Estuary, France, the Netherlands (Traini et al., 2015)

Yeongshan Estuary, South Korea (Williams et al., 2014)

Keum River Estuary, South Korea (Figueroa et al., 2020; Kang et al., 2022; Kim et al., 2006)

Nakdong Estuary, South Korea (Chang et al., 2020, 2023; Williams et al., 2013)

Xinyanggang Estuary, China (Q. Zhu et al., 2017)

Petitcodiac River Estuary, Canada (Van Proosdij et al., 2009)

Avon River Estuary, Canada (Van Proosdij et al., 2009)

Tidal amplification Scheldt Estuary, the Netherlands (Coen, 1988; Dam et al., 2022; Mol, 1995; van der Spek, 1997)

Passur‐Sibsa Estuary, Bangladesh (Bain et al., 2019; van Maren, Beemster, et al., 2023; Wilson et al., 2017)

Qiantang Estuary (Xie et al., 2017; Xie et al., 2022; Y. Liu et al., 2018; L. Li et al., 2019)

Jiaojiang Estuary, China (Sun et al., 2017)

Thames Estuary, United Kingdom (Siggers et al., 2006)

Humber Estuary, United Kingdom (Morris & Mitchell, 2013)

Seine Estuary, France (Dronkers, 2016)

Eider Estuary, Germany (Bednarczyk et al., 2008)

Jamaica Bay, United States (Orton et al., 2020; Parejaroman et al., 2023; Swanson & Wilson, 2008)

Boston Harbor, United States (Talke et al., 2018b)

Mouth zone erosion Modaomen Estuary (Pearl River Estuary), China (L. W. Jia et al., 2013; Cai et al., 2012)

Deep Bay (Pearl River Estuary), China (Yang & Chui, 2017)

Yalu Estuary, China (Cheng et al., 2020)

Reduced hydrodynamic energy Jiaozhou Bay, China (J. Shi et al., 2011; G. D. Gao et al., 2014, 2018; C. Xu et al., 2021; Yuan et al., 2021; Qiao
et al., 2019)

Bohai Bay, China (Ding &Wei, 2017; Liang et al., 2018; Pelling et al., 2013; C. Shen et al., 2016; X. Wang et al., 2021;
Z. Wu et al., 2023; H.‐Y. Yang et al., 2011; G. Zhu et al., 2021)

Qinzhou Bay, China (Lyu et al., 2022)

Laizhou Bay, China (Z. Wu et al., 2023)
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leads to a concentration of the alongshore flow in deeper channels, where bed friction is lower. The alongshore
flow is thus relatively weak over wide, shallow flats. The volume changes associated with tidal filling and
emptying gives rise to a cross‐shore tidal current. Muddy, gently sloping tidal flats are usually shaped by those
cross‐shore currents rather than by longshore tidal currents (Winterwerp et al., 2022).

2.2. Influence on Tidal Dynamics

The inundation of tidal flats strongly affects tidal dynamics within coastal systems. The influence of tidal flats on
tidal behavior increases with the size of the tidal flat area relative to the channel area (Friedrichs &Aubrey, 1988).
Consequently, changes in tidal flats tend to have a more substantial impact in estuaries than in open coastal seas.
The relationship between tidal flats and tides has been well documented in the literature and will be briefly
synthesized in the following section. Key aspects herein are changes in tidal range (amplification) and changes in
tidal asymmetry.

Estuarine tidal dynamics are largely determined by the balance between frictional losses and the convergence of
the estuary's cross‐sectional area (Dronkers, 1986; Jay, 1991; Leuven et al., 2021). Frictional dissipation occurs
over the estuary bed, within the water column, and over intertidal areas and tidal wetlands, with shallow estuaries
and opposing river flow promoting the greatest dissipation. In contrast, tidal amplification results from width
convergence, where the narrowing (funneling) of the estuary increases the tidal amplitude (Jay, 1991). Tidal flats
influence this balance in several ways. Firstly, they provide storage for incoming tides. Inundated tidal flats
accommodate substantial volumes of water, (a) lowering peak water levels and (b) increasing the tidal prism.
Secondly, tidal flats and wetlands increase frictional resistance due to their shallow depth and high roughness,
slowing the landward propagation of the tidal wave and reducing its height and energy (Smolders et al., 2015;
Stark et al., 2016). Tidal channels without tidal flats are therefore hydraulically smoother than broad channel‐
shoal systems with extensive tidal flats allowing faster up‐estuary propagation and lower frictional losses.

Both storage and frictional losses over tidal flats influence tidal asymmetry. A tidal wave deforms as it travels
through an estuary. To a first approximation, characteristics of a shallow‐water wave propagate at a celerity
c =

̅̅̅̅̅
gh

√
, with g and h denoting gravity and depth (respectively), meaning that the wave crest travels faster than

the trough. This results in a shorter flood period and stronger flood currents compared to ebb currents. The
shallower the estuary, the greater the difference between high and lowwater, enhancing deformation. The primary

Table 1
Continued

Response type System

Liaodong Bay, China (Z. Wu et al., 2023)

Sanmen Bay, China (W. Yang et al., 2019; P. Shi et al., 2024)

Ariake Sea, Japan (R. Jia et al., 2018; Yamaguchi & Hayami, 2018)

Tokio Bay, Japan (Okada et al., 2011)

Jakarta Bay, Indonesia (Ningsih et al., 2024; Rusdiansyah et al., 2018)

Doha Bay, Qatar (Lecart et al., 2024)

Reduced cross‐shore transport Jiangsu Coast, China (Du et al., 2019; X. J. Liu et al., 2011; N. Xu, Wang, et al., 2022; Q. Zhu et al., 2016)

Wenzhou Coast, China (R. Zhang et al., 2023)

Ruian Coast, China (P. Chen et al., 2021)

Eastern Wadden Sea, Germany (Dellwig et al., 2000; Flemming et al., 1994; Flemming & Nyandwi, 1994)

Coronie Coast, Surinam (Winterwerp, Erftemeijer, et al., 2013)

Guyana Coast, Guyana (Winterwerp, Erftemeijer, et al., 2013)

Bang Khun Thien Coast, Thailand (Winterwerp, Erftemeijer, et al., 2013; Winterwerp et al., 2005)

Demak Coast, Indonesia (Winterwerp, Erftemeijer, et al., 2013)

Note. The first four responses occur in estuaries (infilling estuaries due to gradual reclamation of the upper estuary or by basin closure; tidal amplification by
along‐estuary reclamation and funelling; and erosion of channels resulting reclamation of the estuary mouth). Reduced hydrodynamic energy occurs in sediment‐poor
systems such as embayments, while a reduction in cross‐shore transport influences open muddy open coasts (leading to erosion or to deposition). Sites discussed in
greater detail in Section 5 are in bold.

Reviews of Geophysics 10.1029/2024RG000860

VAN MAREN ET AL. 6 of 39

 19449208, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000860, W

iley O
nline L

ibrary on [19/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 2. Overview of the 54 land reclamation sites which are part of this review–see Table 1 for more details. Purple markers
are key areas (see Section 5 for abbreviations and details), green markers are areas for which less data is available. The
hydromorphological response to land reclamation (as discussed in Section 4) is indicated with marker type. The coastline
color provides the mud content (Hulskamp et al., 2023), with a pure mud coast in dark brown.

Figure 3. Sketch of typical flow velocity amplitude V and relative inundation period Pi (both ranging from 0 to 100%) over a
convex‐upward cross‐sectional profile of a tidal flat with salt marsh. The alongshore velocity amplitude Vl (green) is highest
in deep water, the cross‐shore flow velocity amplitude Vc (purple) is highest over the intertidal area. The relative importance of
Vl and Vc strongly site‐specific, depending on the local geometry and hydrodynamic forcing. MLW isMean LowWater, MSL is
Mean Sea Level, and MHW is Mean High Water.
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factor counteracting this deformation is the inundation of tidal areas. When the crest of the tidal wave floods the
intertidal zones, it slows the propagation of the crest more than the trough. As a result, estuaries with extensive
tidal flats tend to be much less flood‐dominant, or even ebb‐dominant, compared to those without tidal flats (see
Friedrichs & Aubrey, 1988 and Speer & Aubrey, 1985).

Since the pioneering work of Friedrichs and Aubrey (1988), a number of studies have shown flood and ebb
dominance to be a function of the tidal storage volume (Vs) to channel volume (Vc) ratio, and of the tidal
amplitude (a) to depth (h) ratio (Figure 4). These later studies are extended in the range of Vs/Vc but most
importantly suggest a continuous increase in ebb dominance with higher Vs/Vc introducing an uncertainty
which is summarized by the overlap in the expressions provided by Dronkers (2016). Figure 4 shows that deep
estuaries with few tidal flats are flood‐dominant (generally associated with infilling) while shallow systems
with extensive tidal flats are ebb‐dominant, with a tendency to export sediment. In this classification scheme
flood dominance is defined as a conditions in which the tidal rise is shorter than ebb and resulting flood
currents are faster than the ebb currents (here referred to as peak flow asymmetry). However, more types of
tidal asymmetry exist. Flood and ebb dominance can be related to the duration of the slack tide period (slack
tide duration asymmetry), but also to spatial asymmetries such as a landward decrease in velocity amplitude,
giving rise to settling and scour lags. For a broad overview of tidal asymmetry, we refer to Friedrichs (2011),
Dronkers (2016), and Gatto et al. (2017).

Winterwerp and Wang (2021) derived convenient analytical expressions relating tidal amplification and
asymmetry to the relative size of the intertidal area Fi and to channel depth h. Their model advances on stability
diagrams such as Figure 4 by computing along‐estuary tidal amplification rather than using the tidal range at
the mouth as a static boundary condition. The relative contribution of Fi and h are explored for a typical funnel‐
shaped estuary in which tides responded first to land reclamation (van der Spek, 1997) and later to deepening
(van Maren, Alonso, et al., 2023)–see Section 5 for more details. In this simplified Scheldt estuary tidal
amplification (Figure 5a) appears to be more sensitive to variations in water depth (x‐axis) than to changes in
the relative width of the intertidal area (y‐axis). In contrast, the intertidal area has a stronger influence on tidal
asymmetry (Figure 5b), with ebb‐dominance occurring when more than 15%–20% of the cross‐section consists
of intertidal area (and flood‐dominance when the intertidal area covers less than 15%–20%). But although the
impact of intertidal area on amplification is relatively small, it does have an effect: the tides amplify at lower
water depth for an estuary without intertidal area than for an estuary with extensive intertidal area (h increasing
from 12 to 14 m for Fi increasing from 0 to 0.8 in Figure 5a). But, as will be elaborated in greater detail in later
sections, the degree to which intertidal land is reclaimed typically varies substantially varies along the length of

Figure 4. Dependence of flood or ebb dominance on the ratio of storage volume (Vs) to channel volume (Vc), and of tidal
amplitude (a) to depth (h) according to Friedrichs and Aubrey (1988), Friedrichs and Madsen (1992), Dronkers and
Scheffers (1998), Z. B. Wang et al. (1999), Friedrichs (2010), and Zhou et al. (2018). Using a database of 25 tide‐dominated
systems, Dronkers (2016) derived analytical expressions separating flood‐dominant (purple) and ebb‐dominant (green)
estuaries including their overlap (deep purple) largely corresponding to the transitions defined earlier by Friedrichs, Dronkers,
Wang, and Zhou.

Reviews of Geophysics 10.1029/2024RG000860

VAN MAREN ET AL. 8 of 39

 19449208, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000860, W

iley O
nline L

ibrary on [19/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



an estuary. Especially in heavily engineered estuaries, Fi is therefore not constant, and an up‐estuary increase in
Fi will lead to tidal damping and a decrease in Fi to tidal amplification.

2.3. Residual Sediment Transport

Tidal asymmetry is a key component that controls residual sediment transport in estuaries. In general, flood‐
dominant estuaries tend to fill in with sediment, while ebb‐dominant estuaries are likely to have a negative
sediment balance. But as highlighted in the previous section multiple sources of tidal asymmetry exist. Peak flow
asymmetry is generally associated with residual sand transport while slack tide duration asymmetry with the
residual transport of mud (Dronkers, 1986); and settling/scour lags drive the residual transport of mud to supra
and intertidal zone (cf. Postma, 1961). Therefore, deep, sandy tidal channels may export sand, while their muddy
intertidal areas are filling in with sediments.

Superimposed on tide‐induced barotropic transport is residual sediment transport by density‐driven (baroclinic)
currents. Salinity‐driven circulations give rise to a landward‐directed current close to the bed and since more
sediment is transported close to the bed than higher up in the water column, these salinity‐driven circulations lead
to landward sediment transport (Burchard et al., 2018). Salinity‐driven flows increase non‐linearly with water
depth (e.g., Geyer & MacCready, 2014) and are additionally influenced by lateral mixing between the main
channel and intertidal areas (e.g., MacCready & Geyer, 2010), introducing further interactions between channel
depth, intertidal area, and sediment import.

Over longer timescales, estuaries converge to near‐equilibrium conditions of the bed morphology (Dronk-
ers, 2016; Zhou et al., 2017), in which mechanisms leading to accretion or erosion roughly balance out. A change
in tidal dynamics by a change in intertidal area or channel deepening disturbs this balance, and will lead to
morphological adaptation toward a new equilibrium. This morphological adaptation introduces morphodynamic
feedback mechanisms and long timescales, which will be discussed in greater detail in the following section.

3. Morphodynamic Feedback Mechanisms and Adaptation Timescales
3.1. Morphodynamic Feedback Loops Resulting From Land Reclamation

Key to understanding the response of tidal systems to an anthropogenic disturbance such as land reclamation is
that the response may be controlled by feedback mechanisms. Such feedback loops may be negative (dampening

Figure 5. Increase in tidal amplification a/a0 and tidal asymmetry γ as a function of channel depth h and intertidal area Fi for
a funnel‐shaped estuary, computed using the analytical model of Winterwerp and Wang (2021). Herein a/a0 is the along‐
estuary tidal amplitude a relative to the amplitude at the estuary mouth a0; γ = cHW/ cLW with cHW the celerity of the High
Water wave and cLW the celerity of the Low Water wave (with a value larger than unity being flood‐dominant transport).
Estuarine dimensions are based on the Scheldt Estuary (see Figure 10), being 160 km long, 4 km wide at the mouth, and with an
estuarine convergence length Lb of 45 km (Dronkers, 2016). The relative width of the intertidal area Fi is constant over the
length of the estuary. The model is run with a large set of geometric conditions with Fi varying between 0 (i.e., no intertidal area)
to 0.8 (80% intertidal area) and the channel depth h varying from 5 to 20 m. Model output is evaluated at the approximate
location of Antwerp (80 km from the mouth).
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the original perturbation) or positive (amplifying the effect of a disturbance). We identified five positive feedback
loops (Figure 6) that strengthen the impact of land reclamation on its environment. Positive feedback mechanisms
especially influence the initial response to a land reclamation. In time, negative feedbacks emerge, stabilizing the
coastal system into a new equilibrium, a state with zero residual transport when time‐averaged. Note that this
definition actually presents a static equilibrium, whereas the equilibrium may also be dynamic with residual
transport constant or changing in time as long as sources and sinks are in equilibrium (Zhou et al., 2017).
Morphodynamic equilibrium is more common in sand‐dominated systems than in fine‐grained environments,
because muddy systems are usually governed by non‐equilibrium transport (Dronkers, 2016). Most land recla-
mation sites occur along muddy coasts, however, because here the coastal plain is typically wide and fertile
(Figure 2).

I. Increasing flood dominance
Tides in funnel‐shaped estuaries amplify with increasing width convergence (Jay, 1991), depth convergence
(Leuven et al., 2023) and reduction of the intertidal area (Friedrichs & Aubrey, 1988), by which the tidal
energy flux is compressed to a smaller cross‐sectional area. Tides also become more flood dominant in
response to loss of intertidal areas (Dronkers, 2016; Friedrichs & Aubrey, 1988; Winterwerp &Wang, 2021),
as the intertidal area reduces the flood propagation celerity, whereas the ebb propagation remains little
affected. Therefore, land reclamation along funnel‐shaped estuaries typically leads to larger tides, because of
stronger funneling and more flood‐dominant tides due to loss of intertidal areas. Amplified, more flood‐
dominant tides strengthen up‐estuary sediment transport. More sediment import, in turn, promotes sedi-
ment deposition on the intertidal areas flanking the estuary, such as demonstrated by Morris and Mitch-
ell (2013) for the Humber, van Maren, Beemster, et al. (2023) for the Passur‐Sibsa, and Z. Dai et al. (2016),
Guo et al. (2022), and R. Zhang et al. (2023) for the Yangtze Estuary. This further strengthens sediment
import (secondary feedback cycle in feedback loop I), but is more pronounced when the accreting intertidal
flats become sufficiently high to be reclaimed (as exemplified by the Humber, Passur‐Sibsa and Yangtze
estuaries–see references above). The Passur‐Sibsa Estuary provides an extreme example in which the tides
continue to amplify to the present day, even though reclamation works were largely finished in the early
1970s (Figure 7) as a result of feedback loops I, II, and IV (see vanMaren, Beemster, et al. (2023) for details).

II. Reduction in tidal prism
Land reclamation reduces the total volume of water imported and exported at a certain cross‐section over a
tidal cycle, referred to as the tidal prism. Land reclamation therefore leads to a lower tidal discharge and flow

Figure 6. Positive feedback loops strengthening the initial hydromorphological response of a land reclamation in tide‐
dominated environments. The Roman numbers correspond to feedback loop description in the main text.
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velocity amplitude. This flow reduction may result from gradual reclamations such as in Hangzhou Bay (Xie
et al., 2017), the Ems Estuary (Schrijvershof et al., 2024) and the Passur‐Sibsa Estuary (van Maren,
Beemster, et al., 2023), but also along open coasts (Zhong &Hu, 2021), and especially as a result of estuarine
closures (Figueroa & Son, 2024). The reduction in tidal discharge leads to sediment deposition, especially
close to reclamation areas where the reduction of flow velocity is largest (Morris & Mitchell, 2013). When
sediment deposits on the intertidal areas, the tidal prism is further reduced, further promoting sediment
deposition. Similar to feedback loop II, this mechanism is strengthened when these intertidal areas are
reclaimed, further reducing the tidal flow velocity and strengthening sediment deposition (Guo et al., 2022).
The overall response of the estuary as a result of this positive feedback loop is a gradual infilling of its
landward section, leading to tidal deformation and more upstream transport. The result is similar to feedback
loop I and this may often occur simultaneously, but underlying transport mechanisms of feedback loop I and
II are different (being controlled by tidal asymmetry and tidal prism, respectively).

III. Reduced Hydraulic Roughness
Land reclamation leads to an increase in the Suspended Sediment Concentration (SSC) through the loss of
sediment sinks or stronger up‐estuary transport (Dronkers, 2016; Morris & Mitchell, 2013; van Maren
et al., 2016; Van Proosdij et al., 2009), especially in turbid environments. Enhanced up‐estuary transport may
result from stronger tidal asymmetry (as in loop I) and/or reduced tidal prism (as in loop II). Concentrations
of already several 10s of mg/l may already influence the apparent hydraulic roughness of the bed through
buoyancy effects, turbulence damping by fluid mud formation, smoothing of bed forms, and thickening of the
viscous sublayer (Wang, 2002; Winterwerp, 2001; Winterwerp et al., 2009). Deepening of the tidal channels
has been demonstrated to initiate a positive feedback mechanism in which (a) the original deepening
strengthens tide‐induced sediment import, (b) leading to higher sediment concentrations and therefore to
lower hydraulic drag, which in turn (3) leads to more tide‐induced sediment import (Dijkstra et al., 2019; van
Maren, Winterwerp, & Vroom, 2015; Winterwerp & Wang, 2013), although sediment‐induced reduction in
vertical mixing may also reduce horizontal transport, as suggested by Wang (2002).
The increase in suspended sediment concentrations resulting from land reclamation is very likely to initiate
enhanced up‐estuary tidal transport similar to the effect of channel deepening, although not explicitly
documented in literature. Tidal amplification is Hangzhou Bay is partly resulting from a reduction in hy-
draulic roughness (see Section 5 for details). Infilling of the Petitcodiac Estuary in Canada is influenced by
the positive feedback related to reduced roughness after its intertidal areas had filled in with sediment in
response to the construction of a causeway, partly explaining why a low‐turbid but otherwise very similar
tidal system nearby the Petitcodiac (the Avon Estuary) did not fill up with sediments (Van Proosdij
et al., 2009). Dronkers (2016) mentions this sediment‐induced feedback as a reason for tidal amplification in

Figure 7. Amplification of the tidal range at two stations along the Passur River (Mongla and Khulna), 83 and 123 km (resp.)
upstream of the estuary mouth. Amplification is defined as the annually averaged tidal range divided by the annually
averaged tidal range at the mouth (Hiron Point). The gray shaded zone represents the period with most active land
reclamation works (creation of polder system). The tides amplify significantly for a long period of time without any
additional substantial human intervention as a result of feedback loops I, II, and IV. Water level data is from van Maren,
Beemster, et al. (2023).
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the Loire, although under the influence of the combined effect of land reclamation and channel deepening.
Both human interventions frequently lead to very extreme Estuarine Turbidity Maximums (ETMs) in which
vertical concentration gradients dampen turbulence, thereby increasing both the propagation speed of the
tidal wave and the tidal flow velocities.

IV. Re‐arrangement of tidal networks
Pristine complex tidal networks are in relatively stable morphodynamic equilibrium (Hoitink et al., 2017;
Iwantoro et al., 2020), but a perturbation may lead to large‐scale network reorganization (Fagherazzi, 2008).
In the Passur‐Sibsa Estuary, land reclamation promoted tidal flow through one channel at the expense of a
degenerating other channel (Bain et al., 2019). Tides amplified in one of a series of parallel estuarine
channels, penetrating a neighboring parallel main channel through small connecting channels that eroded
severely (van Maren, Beemster, et al., 2023). The degenerating channel filled up with sediment by loss of
tidal prism whereas up‐estuary transport in the other is strengthened by tidal asymmetry (van Maren,
Beemster, et al., 2023). Land reclamation in the North Branch of the Yangtze Delta reduced the river flow
capacity which was subsequently diverted to other distributaries; the resulting relative increase in tide‐
induced landward transport led to basin infilling, progressively more flood‐tidal dominance (Guo
et al., 2022) and redistribution of the tide‐averaged flow (W. Zhang et al., 2019; Yu et al., 2020). As
illustrated by these examples, the ability of tides to redistribute over different branches makes complex tidal
channel networks are more sensitive to land reclamation compared to single‐channel systems.

V. Erosion of muddy coasts
Many muddy coasts suffer from structural coastal erosion (Hulskamp et al., 2023). The erosion of muddy
coasts in the tropics is often related to the conversion of mangroves to agriculture or aquaculture, and once
erosion starts it is very persistent (Anthony & Gratiot, 2012; Besset et al., 2019; Winterwerp, Erftemeijer,
et al., 2013). A mechanism likely regulating this structural erosion following conversion of mangroves forest
to aqua‐ or agriculture was brought forward by Winterwerp, Erftemeijer, et al. (2013) and Winterwerp
et al. (2020). Crucial herein is that the cross‐shore profile is an equilibrium by tides bringing sediment
shoreward and waves eroding the shoreline. The construction of a dike (or similar hard construction) in a
muddy coastal system dominated by cross‐shore tidal currents reduces the tidal prism and therefore tide‐
induced sediment supply. This reduction in sediment supply already leads to net erosion when wave con-
ditions remain unchanged. However, reflection of short waves against the dike amplify the amplitude of the
wind waves, further strengthening erosion of the foreshore. This deepening further reduces frictional wave
dissipation, resulting in progressively more wave‐driven coastal erosion until the dike collapses.

3.2. Adaptation Timescales to Land Reclamation

Morphological changes in tidal systems will asymptotically develop to a new dynamic equilibrium. This
development can be described with exponential decay functions (Tonis et al., 2002; van Maren, Alonso,
et al., 2023). A change in tidal range which is driven by morphological changes will experience a similar
exponential decay (van Maren, Alonso, et al., 2023). The tidal range observed in the Passur‐Sibsa Estuary
increases linearly in time, not yet showing a reduction of the increase (Figure 7). In time, the tidal range may
asymptotically develop toward a new equilibrium, as in exponential decay functions. But assuming the
adaptation can be described as an exponential decay function, the associated timescales will be long (much
longer than the 50 years of observations, as the system is already adapting to the land reclamation works in the
1960s).

Directly relating morphodynamic response times to land reclamation or closures through observational data is
often complicated by the absence of long time series with a sufficiently high observation frequency. The various
closures executed in the Netherlands provide examples where detailed and regular monitoring of bed levels
started prior to interventions (in the 1920s). The closure of the Haringvliet Estuary resulted in infilling of the now
low‐energy environment seaward of the closure. Tonis et al. (2002) showed that the morphological decay can be
described by an exponential decay function:

X(t) = Xe + (X0 − Xe) e− t/τ (1)

in which X(t) is the parameter X varying over time t (such as the tidal range or deposited volume), Xe is the
equilibrium value of that parameter, and τ is an adaptation timescale of parameter X. Herein τ is the e‐folding
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timescale, or the time over which the parameter X increases a factor e. This adaptation timescale may be alter-
natively defined as Ta = 4 ln(2)τ, providing the time period over which 94% of X has adapted to its equilibrium
value (van Maren, Alonso, et al., 2023). In the Haringvliet Estuary τ = 11 years (Tonis et al., 2002) implying that
94% of the equilibrium infill is reached after 30 years. Adaptation timescales are much larger in response to
closure of the South Sea (part of the Dutch Wadden Sea–see also Section 5). With 3,600 km2, it constitutes the
largest single land reclamation or inlet closure in the world. Initially, a large amount of sediment was imported
from the adjacent coastal sea (“total” in Figure 8a). The adaptation timescale of Ta of all sediment combined is
approximately 60 years (van Maren, Alonso, et al., 2023). However, evaluating Ta per sediment fraction (Colina
Alonso et al., 2021) reveals that the import of sand reached equilibrium 50 years after closure, while the import of
mud is predicted to reach equilibrium after 141 years (van Maren, Alonso, et al., 2023). This import of mud is
primarily the result of the mudflats which will continue to accrete for centuries in response to closure (van Maren,
Alonso, et al., 2023). This example therefore illustrates that adaptation timescales may be very long, that is,
several centuries, but also that the adaptation timescales depend on the evaluated spatial scale.

4. Generalized Impact of Land Reclamation
In this section we describe the impacts of land reclamation in terms of (a) tidal response and (b) sedimentary
response (infilling/erosion). The latter response is controlled by the type of coastal system (enclosed systems or
open coasts), sediment availability, and the location of the reclamation within the system (especially within
estuaries, displaying the greatest variety in responses). For each type of response the typical coastal environment,
location of reclamation, as well as the main tidal and sedimentary changes are summarized in Table 2.

4.1. Enclosed Muddy Coasts: Estuaries, Embayments and Lagoons

Estuaries and tidal embayments or lagoons are often muddy, receiving sediments from their landward or seaward
side. Several systems discussed hereafter are topographically known as bays but are in reality estuaries (receiving
freshwater from one or more river systems) and may be funnel shaped similar to many estuaries. This is especially
common in China–many of the Chinese bays discussed hereafter are actually estuaries. A natural, non‐engineered
estuary is typically funnel‐shaped with a multi‐channel outer estuary that transitions into a narrow tidal river,
flanked by extensive intertidal flats and salt marshes or mangrove forests (depending on the climatic conditions)–
see Figure 9. The incoming tidal wave amplifies because of width convergence (Jay, 1991) and tidal resonance
(Talke & Jay, 2020); the tidal wave dampens due to friction and storage of water within the intertidal zone
(Friedrichs & Aubrey, 1994). Therefore, shallow estuaries with extensive tidal flats tend to be dissipative, that is,
the tidal wave amplitude decreases in the landward direction. With a typically mildly sloped bed, the tidal flow
velocity then initially increases, followed by a decrease, resulting in a velocity maximum halfway the estuary
(Dalrymple & Choi, 2007).

Figure 8. Example of a morphologic response to inlet closure and the associated timescales (Western Dutch Wadden Sea).
Panel (a) provides the volumetric change of three combined tidal basins, panel (b) the bed level change of the intertidal flats
(24% of the total area). The thick dashed lines are observations from Colina Alonso et al. (2021), the thin lines are
exponential decay functions from van Maren, Alonso, et al. (2023). The gray shaded zone is the period the closure dam was
constructed. The adaption time (defined as 94% of total change) is approximately 60 years for the tidal basins and 300 years
for the tidal flats.
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Many site‐specific studies exist documenting how a land reclamation in a particular system influences the tidal
range, velocities, and/or bed levels (see Table 1). Through comparison of this wide range of cases, especially
the key study sites described in more detail in Section 5, we identified three response types of estuaries
graphically presented in Figure 9. Land reclamation or closure (through a tidal weir the landward limit of an
estuary or a closure dams in tidal basins) leads to estuarine infilling, reclamation along the estuarine length to
tidal amplification, and reclamation at the mouth of the estuary to locally increasing flow velocities and bed
erosion. In order to facilitate the discussion of these response types, we also refer to types 1, 2 and 3 for
infilling, amplification, and channel erosion, respectively. Type 1 is subdivided into gradual land reclamations
(type 1a) and inlet closures (type 1b). In the following sections, these response types will be explained in
greater detail.

4.1.1. Estuarine Infilling by Land Reclamation‐Induced Decrease in Tidal Prism (Type 1a)

Land reclamation typically leads to a loss of tidal prism. The resulting reduction in flow velocity will lead to
infilling unless (a) the tides amplify, as for type 2 discussed hereafter, or (b) when sediment availability is low, as
for sediment‐poor systems. Estuarine infilling is typical for estuaries that are predominantly reclaimed at their
landward reach, but may also occur for estuaries that are reclaimed along their entire length. Clear examples
include Hangzhou Bay (Xie et al., 2017), the Ems Estuary (Pierik, 2021; van Maren et al., 2016), and Puba Bay
(Y. Liu et al., 2024), which all fill rapidly due to the combination of reduced flow velocities and abundant
sediment supply. In many other estuaries, the response may be obscured by concurrent human interventions.
Sediments deposit in Lingding Bay and Deep Bay in the Pearl River Estuary in response to land reclamation, but
in Lingding Bay this infilling was overcompensated by sand mining activities (Han et al., 2023). Intensive
reclamation in Xiamen Bay (China) since 1955 reduced the tidal prism and flow velocities by about 40% (J. Wang
et al., 2013) which led to infilling of the navigation channels (Y. Chen et al., 2019). Other examples of estuaries
filling in with sediments because of up‐estuary reclamation are the Ribble Estuary in the United Kingdom (Van
Der Wal et al., 2002) and the Sydney Estuary in Australia (Birch et al., 2009; McLoughlin, 2000). Reclamation of
540 km2 of mangrove area in Manilla Bay (with only 6.8 km2 remaining; MBSDMP (2020)) is a likely driver of
the rapid sedimentation rates in the bay observed in the past century (Siringan & Ringor, 1998).

Estuarine infilling may not only result from reduced flushing but also by tidal deformation. As the systems fill
up with sediments, tides may become very flood dominant, strengthening up‐estuary transport. Extreme ex-
amples include the Qiantang Estuary–Hangzhou Bay (Xie et al., 2017) and the Ord River (Wolanski
et al., 2001), both characterized by a tidal bore. The Ord River Estuary (Wolanski et al., 2001) is rapidly silting
up through tidal pumping in response to up‐estuary land reclamation which intensified after the construction of
upstream river dams because the buffering of river floods in the reservoir prevent regular river bed scouring.
Shoaling has progressed to the point that the flood‐dominant tides developed into a tidal bore (Wolanski
et al., 2001). Adjacent to the Ord River is the Durack River, which has similar dimensions and flows into the
same receiving basin: the macrotidal Cambridge Gulf. The Durack River Estuary is largely untouched by

Table 2
Impacts of Land Reclamation in Various Settings in Terms of Main Tidal Response and Main Sedimentary Response, for Each Response Type in Section 4

Land reclamation location Response description Main tidal response
Main sedimentary

response

Landward side of estuaries, lagoons
or bays

Estuarine infilling by land reclamation‐induced decreased tidal prism (type
1a, Section 4.1.1)

Decreasing tidal prism Sedimentation

Landward side of estuaries, lagoons
or bays

Estuarine infilling by closure dam‐induced decreased tidal prism (type 1b,
Section 4.1.2)

Decreasing tidal prism Sedimentation

Continuous along an estuary Tidal amplification by reduced hydraulic roughness and funelling (type 2,
Section 4.1.3)

Tidal amplification Erosion or sedimentation

Seaward side of estuaries, lagoons
or bays

Mouth zone channel erosion (type 3, Section 4.1.4) Increasing flow velocity Erosion

Tidal flats along open muddy
coasts

Reduced cross‐shore transport (type 4, Section 4.2) Decreasing tidal prism Erosion or sedimentation

Tidal flats in sediment‐poor bays Reduced hydrodynamic energy (type 5, Section 4.3) Decreasing flow velocity No response
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human interventions and is strongly ebb‐asymmetric, whereas the reclaimed Ord River Estuary is very flood‐
dominant. The Ord River Estuary therefore clearly illustrates how land reclamation leads to infilling but also to
tidal deformation.

4.1.2. Estuarine Infilling by Closure Dam‐Induced Decrease in Tidal Prism (Type 1b)

An extreme example of land reclamation is the full or partial closure of a tidal inlet or estuary. Seaward of the
dam, such a closure leads to a reduction in flow velocity, large infilling rates, a seaward shift of the ETM and a
reduction in SSC (see the recent review by Figueroa and Son (2024)). Such closures bear resemblance to the up‐
estuary land reclamations discussed above, but are also profoundly different, often leading to a much stronger and
sudden system change. The largest closure is that of the South Sea (van Maren, Alonso, et al., 2023), but more
modest examples include the closures of the Dutch Lauwers Sea (A. P. Oost, 1995) and Grevelingen and Har-
ingvliet estuaries (Elias et al., 2017; Tonis et al., 2002; Van Der Spek & Elias, 2021), the Vilaine Estuary in
France (Traini et al., 2015) the Canadian Avon and Petitcodiac estuaries (Van Proosdij et al., 2009), the South‐
Korean Nakdong Estuary (Chang et al., 2023; Williams et al., 2013), the Keum River Estuary (Figueroa
et al., 2020; Kim et al., 2006), and Yeongsan Estuary (Williams et al., 2014) and lastly the Xinyanggang Estuary
in China (Q. Zhu et al., 2017). However, around 300 tidal sluice gates regulate the flow of larger and smaller rivers

Figure 9. Conceptual response to land reclamation in an estuary, showing a schematic map and the longitudinal variation of
the intensity of the three main physical parameters discussed (tidal currents, tidal range, and bed level of the tidal channel).
Panel (a) sketches a typical pristine estuary with a tidal river transitioning into a multi‐channel outer estuary flanked with
extensive intertidal flats and supratidal marshes. The bed level (green line) gradually decreases land‐inward, the tidal range
(black line) initially slightly amplifies but thereafter dissipates, and the tidal current velocity (purple line) is maximal halfway
the estuary. Other panels: change in planformmorphology and changes in longitudinal variation of tidal currents, tidal range,
and bed level as a result of up‐estuary (b), along‐estuary (c) and down‐estuary (d) reclamation. See text for a detailed
description. The dashed longitudinal distributions in panels (b–d) refer to the water level, tidal currents or bed level
(depending on the color) in its pristine state (as in panel a). Only relevant longitudinal changes are visualized, therefore no
tidal range changes in panels (b, d).
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feeding the Chinese coastline, providing a large amount of poorly documented cases, of which most are prone to
mild or severe sedimentation downstream of the gate (Q. Zhu et al., 2017).

The infilling rates associated with closures are much higher than those with gradual reclamation of supratidal or
intertidal areas because the low flow velocity and deep water conditions close to the dam result in a low transport
capacity and therefore in large sedimentation rates. Figueroa and Son (2024) identified two types of deposits in
front of an estuarine dam: closures in tide‐dominated, fine‐grained systems lead to the development of extensive
intertidal flats attached to the shorelines, whereas middle mouth bars/barriers develop in sandy, more wave‐
influenced environments. An exception appears to be the Annapolis Estuary (Canada) displaying erosion
downstream of a tidal barrage, probably resulting from the depletion of sediment previously provided by the
upstream river (Morris, 2013).

Closures of tidal inlets, estuaries, or basins may influence the tidal range through resonance (Dykstra et al., 2024;
Figueroa & Son, 2024; Talke & Jay, 2020). A tidal basin or estuary may show resonant behavior to a tidal wave
with a period T when its effective length L is close to a resonance length Lr defined as (Talke & Jay, 2020)

Lr =
(2n − 1)T

̅̅̅̅̅
gh

√

4
(2)

where g is the gravitational acceleration, h is the water depth, and n is 1,2,3,…The first mode (n = 1), known as
quarter‐wave resonance, is the most common form of resonance with typical values of Lr between 100 and 200 km
(depending on the water depth). Examples of estuaries in which tides are probably amplifying as a result of the
construction of an upstream weir include the Ems Estuary (Schuttelaars et al., 2013), the Thames Estuary (Talke
& Jay, 2020), and the Vilaine Estuary (Traini et al., 2015). But also the tides in a tidal basin of the Wadden Sea in
response to basin closure–see Elias et al. (2003) and Section 5.

4.1.3. Tidal Amplification by Reduced Hydraulic Roughness and Funelling (Type 2)

Many estuaries and tidal rivers experience a change (mostly an increase) in their tidal range by channel deepening
(Talke & Jay, 2020; Winterwerp & Wang, 2013). Such causal relationships have only limitedly been established
for land reclamations. As will be elaborated in greater detail below, land reclamation may amplify tides through
loss of a reduction in hydraulic roughness and by increased funneling. The reduction in hydraulic roughness is
usually attributed to a loss of intertidal storage (resulting in a cross‐sectionally averaged increase in water depth),
but also due to a decrease in apparent hydraulic roughness resulting from higher suspended sediment
concentrations.

The loss of intertidal storage was assumed to be responsible for the amplification of the tides in the Scheldt
Estuary (van der Spek, 1997) and the Passur‐Sibsa Estuary (van Maren, Beemster, et al., 2023). The tides in the
upper Seine Estuary amplified several meters in the past two centuries, partly because of deepening and
straightening, but also because of land reclamation (Dronkers, 2016). Tides in the Eider Estuary were amplifying
for a long period of time as a result of dike construction until a tidal barrage was constructed (Bednarczyk
et al., 2008). Other systems in which the tidal range increased as a response to land reclamation are the Thames
Estuary in the United Kingdom and Jamaica Bay in the United States. The spring tidal range in the Thames
Estuary has increased 1.1 m (equivalent to 25%) in the past 100 years through a combination of deepening and
land reclamations (Siggers et al., 2006). Jamaica Bay witnessed a reduction of the marsh area of 76% and the
intertidal area of 73% between 1870 and 2020 relatively evenly reclaimed along its length (Orton et al., 2020). The
tidal range increased from 1.16 m in 1899 to 1.64 m in 2007 (Swanson &Wilson, 2008) as a result of reduced tidal
damping at the inlet and increased tidal reflection deeper into the bay (Parejaroman et al., 2023). In contrast, the
tides in the strongly urbanized Boston Harbor decreased in response to land reclamation (Talke et al., 2018a),
possibly related to the much smaller size of this estuary compared to other examples.

The hydrodynamic response to changes in intertidal storage depends, among others, on the location of that
intertidal area. Several numerical model experiments have been performed that address the impact of the location
of intertidal areas along the estuary (C. Li et al., 2016; Siemes et al., 2023; Stark et al., 2017; Weisscher
et al., 2022). Although most of these studies have computed the effect of adding intertidal area, we interpret their
findings in the opposite way (removing intertidal areas). When the intertidal area is removed, the tidal prism
downstream of that location generally decreases, while it increases upstream of that location (Stark et al., 2017).
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The response of the system depends on the exact location along the estuary of the intertidal area (Stark
et al., 2017). The impact of intertidal loss on tidal dynamics appears to increase in the landward direction and
especially for friction‐dominated estuaries (C. Li et al., 2016), which also means that smoothing of the bed
roughness (feedback III, see Figure 6) reduces the effect of intertidal storage. The effect of intertidal storage on
tidal amplification is strengthened by deepening of the tidal channel in response to the increase in tidal prism
(Weisscher et al., 2022).

Many estuaries in which the tidal range increases because of land reclamations fill in with sediments (such as
Hangzhou Bay; Xie et al. (2017) and the Humber Estuary; Morris and Mitchell (2013)) because of a reduction in
tidal flow velocity and/or increasing flood‐dominant tidal currents. However, some systems experience channel
erosion in combination with tidal amplification. The best‐studied example of this response is the Scheldt Estuary,
where Dam et al. (2022) observed pronounced sediment export, possibly resulting from weaker flood dominance
(Nnafie et al., 2019). Whether reclaiming intertidal area promotes ebb or flood dominance may depend on the
height of that area, with elevated areas being reclaimed promoting flood dominance and low‐lying areas
strengthening ebb dominance (Stark et al., 2017). Also the Sibsa Estuary was prone to erosion, probably in
response to tidal amplification (van Maren, Beemster, et al., 2023). Erosion leads to channel deepening and
thereby tidal amplification (see Section 2). Channel depth has a larger direct impact on tidal amplification than
intertidal area (Figure 5) and therefore land reclamations may especially influence tidal amplification through
channel deepening resulting from changing tidal asymmetry.

Another aspect through which along‐estuary land reclamations may trigger tidal amplification is funneling. Tides
amplifying in the landward direction result from width convergence (funneling) exceeding frictional losses
(Jay, 1991). Along‐estuary land reclamation may strengthen its landward convergence, thereby amplifying the
tides. Examples of tidal amplification resulting from funneling include the Humber Estuary (Morris & Mitch-
ell, 2013) and the Jiaojiang Estuary (Sun et al., 2017). Hangzhou Bay has experienced a slight increase in tidal
range because of enhanced funneling following extensive land reclamation (Xie et al., 2017). The increase in tidal
range has remained moderate because it rapidly filled up with sediments (as described in the above section).
Without these rapid sedimentation rates, the tidal amplification would have been much more pronounced (L. Li
et al., 2019). Also the Sibsa Estuary was more strongly funneled because only its middle to upper reaches were
reclaimed while the mouth zone (the Sundarbans mangrove forest) was not, and especially the mouth zone and the
middle reaches are eroding (van Maren, Beemster, et al., 2023). This has likely contributed to the dramatic in-
crease in the tidal range in Passur‐Sibsa Estuary (as shown in Figure 7).

4.1.4. Mouth Zone Channel Erosion (Type 3)

The Yalu and Modaomen estuaries (China) are both especially reclaimed along the estuary mouth, resulting in an
increase in flow velocities but not in tidal amplification (Cai et al., 2012; Cheng et al., 2020; L.W. Jia et al., 2013).
Both estuaries are eroding as a result of land reclamation (similar to the Scheldt Estuary). In the Yalu River
Estuary (Cheng et al., 2020) the mouth zone reclamation resulted in an increase in current velocities and a
decrease in flood‐dominant landward transport, without amplifying tidal water levels. Further reclamation of land
may transform the Yalu Estuary from a net depositional system into an erosional system (Cheng et al., 2020). The
Modaomen Estuary (Pearl River Delta, China) was first extensively reclaimed (until ∼1990), followed by a phase
of extensive sand mining and dredging (L. W. Jia et al., 2013). The bed level started deepening autonomously
around 1980, well before sand mining and other dredging activities took place. For the Modaomen, this was the
result of confinement of the flow by land reclamation in the river mouth, which did not lead to tidal amplification
but only to higher flow velocities.

Reducing the width of the estuary will lead to an increase in flow velocities, triggering bed scour and therefore an
increase in water depth. The way an estuary (or tidal basin or bay) responds to land reclamation at its mouth can be
evaluated with a choking number P (Hill, 1994; Talke & Jay, 2020):

P = (gb2H3T2
/CdLηA2)

1/2
(3)

where L, b, and H are the length, width, and depth of the inlet, respectively; A is the estuary surface area; T is the
period of the tidal wave; Cd is a drag coefficient and η is the tidal amplitude. For small values of P the tidal wave
amplitude decreases–the estuary is choked. A reduction in the width of the mouth will then lead to a reduction in
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tidal prism, and therefore a decrease in tidal amplitude. Potentially, the reduction in tidal prism may lead to lower
flow velocities and hence infilling and degeneration of the basin or estuary, in analogy to the stability of tidal
inlets (Escoffier, 1940, 1977).

For high values (P≫ 5) the tidal wave amplitude and therefore tidal discharge will be limitedly influenced (no
choking). For such conditions, a decreasing cross‐sectional width will lead to higher flow velocities without a
substantial reduction in tidal prism. The increase in water depth (because of erosion) may then lead to an increase
in the tidal range. The choking number P scales with b2/A2, so for equal tidal characteristics and water depth, the
choking number of a funnel‐shaped estuary is considerably larger than that of a tidal basin. Tidal choking is
therefore a much less likely process in estuaries than in tidal basins. In estuaries, bed scouring resulting from land
reclamation at the mouth may then trigger tidal amplification (as in Figure 5a) and observed in the Modaomen
Estuary (L. W. Jia et al., 2013)).

4.2. Reduced Cross‐Shore Transport: Open Muddy Coasts (Type 4)

In many wide, gently sloping muddy environments sediment transport is primarily driven by cross‐shore currents
as described in Section 2 and illustrated in Figure 3. Such environments especially occur along low‐energy
exposed open coastlines receiving large amounts of muddy sediments (such as the Chinese coastline and the
coastline downdrift of the Amazon), or lagoon systems where barriers provide shelter from waves such as the
Wadden Sea. In many estuarine settings the mudflats are typically steeper and more strongly influenced by along‐
estuary currents. In such environments reclamation of supratidal land or parts of the intertidal area reduces cross‐
shore transport by reducing the tidal prism and associated flow velocity amplitudes. We identify two contrasting
response types to such an interruption of cross‐shore transport (both visualized in Figure 10): erosion and
accretion.

The accretionary type is best generically described by Zhong and Hu (2021), see also Figures 10a and 10b.
Reduction of the cross‐shore flow velocity amplitude in response to reclamation leads to sedimentation (L. Chen
et al., 2020; P. Chen et al., 2021; Zhong & Hu, 2021; R. Zhang et al., 2023). Such sedimentation seaward of
reclamation sites is the most common response along China's coastlines, featuring extensive muddy, tide‐
dominated open coasts and semi‐enclosed embayments. The largest stretch of muddy coast is the Jiangsu
coast, but extensive mud‐dominated shores are also found along the Ruian coast (P. Chen et al., 2021), and the
Wenzhou coast (R. Zhang et al., 2023). Since 1984, 1.66 × 103 km2 has been reclaimed along the muddy, tide‐
dominated Jiangsu coast (N. Xu, Wang, et al., 2022). Although extensive salt marshes exist in the upper intertidal
and supratidal reaches, the role of vegetation is not discussed.

Land reclamation along muddy coasts may also result in erosion. Sediment transport along the 1,500 km long
muddy coastline north of the Amazon is controlled by alongshore migrating mud banks which drive cyclic al-
terations of erosion and deposition (see (Anthony et al., 2010) for an overview). As a result, the mangrove‐fringed
shorelines expand during so‐called “bank” phases but erode during “inter‐bank” phases. The result is a dynamic
coastline which is stable over longer timescales. Reclaiming land during a “bank” phase (i.e., maximal seaward
extension) disrupts this long‐term stability. The loss of intertidal area (through reclamation) reduces the tidal
prisms, and thereby themechanism providing sediments to the coast, explaining persistent erosion occurring along
the coastlines of Guyana and Surinam (Winterwerp, Erftemeijer, et al., 2013). This cross‐shore response is
illustrated in Figures 10c and 10d. The long‐termmorphodynamic equilibriumof the intertidal zone herein depends
on sediment supplied by cross‐shore tidal currents flowing in and out of the supratidal zone, with waves being
gradually dissipated by vegetation (Figure 10c). The full or partial reclamation of this supratidal zone weakens the
landward sediment transport by cross‐shore tidal currents. At the same time, reflection of wind waves against the
dike leads to amplification (Klopman &Meer, 1999), strengthening wave‐induced erosion of the foreshore. Both
the reduction in tidally supplied sediments and the increase in wave height lead to erosion, further reducing wave
energy, further promoting erosion (Figure 10d). The subsequent phase of coastal erosion necessitates strengthening
dikes or seawalls in turn reflecting progressively more incoming wave energy. These self‐strengthening erosion
processes may lead to very persistent coastal erosion (feedback loop V in Figure 6) in relation to alongshore
migrating mud banks but also in relation to conversion of mangrove forests to aquaculture ponds in the Gulf of
Bangkok, Thailand and the Demak coastline in Java, Indonesia (Winterwerp, Erftemeijer, et al., 2013).
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It remains unclear which conditions control reclamation along muddy open coasts to result in seaward deposition
(Figures 10a and 10b) or erosion (Figures 10c and 10d). The role of waves is an explicit part of the conceptual
response of Winterwerp, Erftemeijer, et al. (2013) (Figures 10c and 10d) with wave reflection strengthening
erosion. Waves are also accounted for in the response described by Zhong and Hu (2021), with accretion rates
decreasing with higher waves, although they do not discuss the potential effect of reflection. Both erosion and
deposition seems to prevail in the Wadden Sea in response to gradual land reclamation. Along the semi‐open
eastern (German) Wadden Sea the reclamation of land over the past centuries has steepened the offshore pro-
file, enhancing the hydrodynamic energy (especially resulting from waves) and therefore reducing fine sediment
deposition (Flemming & Nyandwi, 1994; Mai & Bartholomä, 2000). This has resulted in erosion and coarsening
of the seabed (Flemming & Nyandwi, 1994) and a relative increase in heavy metals (Dellwig et al., 2000).
Therefore, the response of the eastern Wadden Sea is similar to the conceptual model in Figures 10c and 10d. In
contrast, the western Wadden Sea responded to reclamation with sediment deposition, caused by both modified
hydrodynamics and also the availability of sediments (Benninghoff & Winter, 2019; van Maren, Alonso,
et al., 2023), more strongly resembling the conceptual model in Figures 10a and 10b. We hypothesize that a factor
controlling the different response of the western and eastern Wadden Sea to land reclamation is the availability of
sediments (Colina Alonso et al., 2024), with large availability (westernWadden Sea) strengthening sedimentation
and smaller availability (eastern Wadden Sea) leading to erosion. But whether sediment availability is the key
factor determining whether land reclamation along exposed muddy coastlines leads to erosion or to deposition
requires further research.

4.3. Reduced Hydrodynamic Energy: Sediment‐Poor Bays (Type 5)

We define sediment‐poor here as systems in which insufficient sediment is available to morphologically adapt to
changes in hydrodynamics (as for the sediment‐rich examples discussed above). In sediment‐rich systems, a
reduction in flow velocity may, for instance, be compensated by rapid deposition, in turn leading to re‐
establishment of high current velocities. In sediment‐poor systems, sedimentation rates are not enough to
compensate for a reduction of hydrodynamic energy within timescales of centuries. Such conditions especially
apply to coastal bays, where land reclamation significantly influences hydrodynamics but where sediment
availability is insufficient to attain a new morphodynamic equilibrium. The sediment‐poor systems discussed

Figure 10. Schematized response of muddy open coasts (panels a, c) to land reclamation (panels b, d) based on literature
describing Chinese muddy coasts (panels a, b) and the response of mangrove‐mud coasts as described by Winterwerp
et al. (2020) (panels c, d). The coast already expands seaward under non‐reclaimed conditions along the tide‐dominated
Chinese coastline (a), but accretion accelerates in response to land reclamation (b, based on Zhong and Hu (2021)). In
contrast, originally accreting coastlines along mangrove‐mud coasts (c) have been reported to become eroding in response to
coastal squeeze (d) by Winterwerp et al. (2020). Under non‐reclaimed conditions wave energy is dissipated in the vegetated
foreshore (c). With sufficient sediment supplied by cross‐shore tidal currents sediments are deposited in the vegetated zone
and the seaward tidal flats. Land reclamation (d) leads to a reduction of sediment supply by cross‐shore tidal currents and an
increase in wave height (a combination of less dissipation of wave energy in the vegetation foreshore and more reflection of
wave energy against a sea dike). The foreshore then erodes, further reducing the width of the vegetated foreshore.
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below are not necessarily devoid of sediments (as exemplified by the coastal bays along China's North coast). For
such cases a new equilibrium may be attained when timescales are long enough (many centuries or more).

Land reclamation in large coastal bays leads to a reduction in tidal prism and, thereby, also in flow velocities. This
is evidenced by Jiaozhou Bay, Bohai Bay, Laizhou Bay, Liaodong Bay, Xiangshan Bay, Tokio Bay, and Ariaka
Sea (see references in Table 1). As such, they resemble estuarine response 1a. However, a major difference is that
the bed level of coastal bays is often not in equilibrium with the hydrodynamics (which alluvial estuaries typically
are), but rather shaped by its geologic history. A reduction in flow velocity will therefore not lead to sedimentation
rates sufficiently large to restore the original flow velocities and reach a new morphodynamic equilibrium. Land
reclamation along embayments typically reduces the flow velocity, and consequently mixing rates and refresh
rates. This has been documented for Bohai Bay, Laizhou Bay and Liaodong Bay by Z.Wu et al. (2023), Deep Bay
(Yang & Chui, 2017), Tokio Bay (Okada et al., 2011), Arika Sea (L. W. Jia et al., 2013; Yamaguchi & Hay-
ami, 2018), Jiaozhou Bay (J. Shi et al., 2011; C. Xu et al., 2021), Sanmen Bay (P. Shi et al., 2024), and Qinzhou
Bay (Lyu et al., 2022).

Water levels in reclaimed tidal embayments with limited morphological changes may increase or decrease. The
water levels in Jiaozhou Bay decreased (G. D. Gao et al., 2014) (see also Figure 12), while the water levels
increased in Jakarta Bay due to funneling effects (Ningsih et al., 2024) and increased tidal choking (Rusdiansyah
et al., 2018). Typically, the tides become more asymmetric and flood‐dominant, as observed for Xiangshan Bay
(X. Li, Bellerby, et al., 2018); Jiaozhou Bay (G. D. Gao et al., 2014)); Bohai Bay (Pelling et al., 2013) and Sanmen
Bay (P. Shi et al., 2024). Herein the main tidal constituent (M2) decreases in amplitude, while the amplitude of its
overtide (M4) often increases (as in Xiangshan Bay (X. Li, Bellerby, et al., 2018); Jiaozhou Bay (G. D. Gao
et al., 2014)) and Bohai Bay (Pelling et al., 2013). Increasing storm surge levels have been reported for Bohai Bay
(Ding & Wei, 2017) and Sanmen Bay (W. Yang et al., 2019), related to loss of intertidal area and increased
funneling.

5. Examples of Land Reclamation Impacts
We have selected 9 key study areas (purple markers in Figure 2) for which a relatively large amount of data is
available and which cover the broad range of coastal environments introduced in Section 4. These include three
cases from the coastal plain of NW Europe, where land reclamation started 1,000 years ago (Sections 5.1–5.3),
four cases along the rapidly expanding coastline of China, the land reclamation hotspot of the 20th and 21st

century (Sections 5.6–5.9), as well as cases in the Ganges Brahmaputra delta (Section 5.4) and San Francisco Bay
(Section 5.5).

5.1. Scheldt Estuary (SE), Belgium and the Netherlands

The present‐day Scheldt Estuary is a classic funnel‐shaped estuary of about 160 km long. It transforms from a
5 km wide meso‐tidal, multi‐channel, sandy outer estuary into a single‐channel, muddy macro‐tidal river in its
upper reaches. By the 13th century most of the supratidal land in the estuary mouth (Vos, 2015) and the upper
estuary (Missiaen et al., 2017) was reclaimed even though floods frequently recurred until the 17th century (de
Kraker, 2015). This rapid reclamation phase was followed by a more gradual reclamation period in response to
natural shoaling processes: the intertidal storage declined from 295 km2 in 1650 to 104 km2 in 1990 (van der
Spek (1997)—see Figure 12). The secondary basins were especially efficient sediment traps (Dam et al., 2022)
that were reclaimed when they reached supratidal levels (van der Spek, 1997): in total 129 million m3 of sedi-
ments deposited in the side branches since 1860 (Dam et al., 2022). This loss of intertidal area in the Scheldt
Estuary increased the tidal range (Figure 11) and the propagation speed of the incoming tidal wave (Stark
et al., 2017; van der Spek, 1997; Weisscher et al., 2022).

The Scheldt Estuary as a whole has been eroding over the past 150 years (Dam et al. (2022) and Figure 12). In the
period 1860–1955, 206 million m3 was eroded in the main channel of which 111 million m3 deposited in its side
branches and 95 million m3 was exported (mostly seaward). After 1955 the estuary reverted to net sediment
import due to large‐scale sediment extraction (sand mining–see Dam et al. (2022) and Elias et al. (2023)) while
the tidal range further amplified due to channel deepening (van Maren, Alonso, et al., 2023). With a focus on
hydromorphological impacts of land reclamation, we ignore changes after 1970, which are overwhelmingly
influenced by channel deepening and dredging and disposal strategies.
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The Scheldt Estuary therefore illustrates that tides are amplifying slowly in response to human interventions along
the length of the estuary (type 2). It also provides evidence of a system in which land reclamations may lead to
autonomous channel deepening, contrasting with the common response of estuarine infilling.

Figure 11. Bathymetry, historic coastlines (dark red lines) and water level observation stations (red circle, water level data in
Figure 12) for the nine reclamation sites. The historical coastlines are from the following years: 1650 in the Scheldt Estuary
(a; van der Spek, 1997) 1958 in the Yangtze Estuary (b; Guo et al., 2022), 1960 in Lingding Bay in the Pearl River Estuary (c;
P. Zhang et al., 2021), 1965 in the Passur‐Sibsa Estuary (d; Bain et al., 2019, with the Sibsa in the west and the Passur in the
east), 1959 in Hangzhou Bay (e; Xie et al., 2017), 1500 in the western Wadden Sea (f; Van der Spek, 1995 and
Rijkswaterstaat, 2021), 1858 in South San Francisco Bay (g; Grossinger, 1998), 1500 in the Ems Estuary (h; Schrijvershof
et al., 2024; the strongly reclaimed inner bay is the Dollard), and 1935 in Jiaozhou Bay (i; G. D. Gao et al., 2014).
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5.2. South Sea (SS) in the Wadden Sea, the Netherlands

From the 9th century onward, the salt marshes and peatlands along the Wadden Sea coast were drained
(Knottnerus, 2005; Vos, 2015) and by 1300, the larger part of the Dutch‐GermanWadden Sea coastline was well‐
protected by continuous dikes (Flemming et al., 1994; A. P. Oost, 1995; A. Oost et al., 2012). Around 15.000 km2

Figure 12. Cumulative channel infill volume (purple, in million m3) and tidal range (black, in m) in response to cumulative
land reclamation area (green, in km2) for the nine main study sites. See Figure 11 for the maximal extent of the coastline and
location of water level stations. Estuarine infilling by reclamation is represented by the Ems Estuary, South Bay, the North
Branch of the Yangtze Estuary, Hangzhou Bay, and the Pearl Estuary (before 2010); estuarine infilling by basin closure by the
Wadden Sea. Examples of coastal systems featuring tidal amplification are the Scheldt and Passur‐Sibsa estuaries as well as
(partly) Hangzhou Bay; river mouth channel erosion by the Pearl Estuary after 2010. A reduction of tidal energy is represented
by Jiazhou Bay. Data is compiled from the following sources in (1) the Scheldt Estuary (land reclamation area fromMol (1995);
infill volumes from Dam et al. (2022); tidal range at station Antwerpen from Coen (1988)); (2) the southwest Ganges delta (land
reclamation area and annual tidal range at station Khulna from van Maren, Beemster, et al. (2023), channel infill volumes
estimated from Wilson et al. (2017); (3) Hangzhou Bay (land reclamation area, infilling of inner Hangzhou Bay and Qiantang
Estuary and annual tidal range observed at Ganpu station from Xie et al. (2017); (4) Ems Estuary (land reclamation area in
Dollard Bay by Schrijvershof et al. (2024), infill volumes of the Ems Estuary compiled from Dollard volumes 1550–1985 by
van Maren et al. (2016), main tidal channels 1833–1989 by Pierik (2021)) and space‐covering digital maps of the entire estuary
after 1989 by Elias et al. (2021), and the annual tidal range observed at station Delfzijl from the Dutch Ministry of Public
Works); (5) South San Francisco Bay (reduction in marsh area from Foxgrover et al. (2004), infilling of South San Francisco
Bay from Foxgrover et al. (2004) for 1858–1983 and B. Jaffe and Foxgrover (2006) for the year 2005 (covering part of South
Bay), Mean Tidal Range at Dumbarton Bridge in South San Francisco Bay retrieved from Disney and Overshiner (1925) for the
year 1923; Conomos (1979) for the year 1951 and https://tidesandcurrents.noaa.gov/ for later years; (6) North Channel in the
Yangtze Estuary (land reclamation area from S.Wu et al. (2019); infill volumes fromGuo et al. (2021), and tidal range at San He
port derived from model hindcasts by X. Zhang et al. (2022); (7) Wadden Sea (land reclamation area is compiled from
Schrijvershof et al. (2024), Van der Spek (1995), Niemeyer (1995); infilling of the Marsdiep basin from Colina Alonso
et al. (2021) and observed annual tidal range at station Harlingen from the Dutch Ministry of Public Works); (8) Pearl Estuary
(land reclamation area from X. Zhang et al. (2022); infill volumes from Han et al. (2023), and observed tidal range (defined as
the sum of the M2‐S2‐O1‐K1 harmonic constituents) at Sishengwei station (Lingding Bay) from P. Zhang et al. (2021) for 1965
and from (H. Wang et al. (2020) for 1990–2016; and (9) Jiaozhou Bay (land reclamation area from C. Xu et al. (2021) and
computed tidal range (defined as the sum of the M2 and M4 harmonic constituents) at Hongdao (G. D. Gao et al., 2014).
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of theWadden Sea has now been reclaimed, an area larger than the present‐dayWadden Sea (Reise, 2005), mostly
before the year 1500 (the initial year in Figure 12). Land was reclaimed using methodologies illustrated in
Figure 1a: brushwood groynes reduce hydrodynamic energy thereby promoting sedimentation which eventually
becomes salt marsh; these salt marshes are converted to agricultural land by constructing sea dikes.

Land reclamation rates accelerated in the 20th century in the form of basin closures, including the South Sea in
1932 (introduced in Section 3.2) but also the Lauwers Sea (1969; 90 km2) and the lower Elbe (1979; 150 km2)
(Reise, 2005). The closure of the South Sea instantaneously modified the tidal characteristics due to resonance of
the semidiurnal tidal wave. Near the closure dam (station Harlingen), the tidal range increased by 0.5 m
(Figure 12), although numerical hindcasts suggests that the increase in tidal range elsewhere exceeded one m
(Vroom et al., 2012). The tidal basin morphologically responded to closure through infilling (Elias et al., 2012),
especially in the channels formerly connecting the present‐day Wadden Sea with the South Sea (Colina Alonso
et al., 2021). The total sedimentation in response to closure was nearly 400 million m3 (Figure 12), attaining an
apparent new equilibrium in approximately 60 years (vanMaren, Alonso, et al., 2023). Closure of the South Sea is
therefore a Type 1b reclamation.

However, inlet closures such as the one to the South Sea possibly have an additional impact spanning much longer
timescales. Many tidal flats in the Wadden Sea currently outpace the rise in sea level (Benninghoff &
Winter, 2018, 2019; Z. B. Wang et al., 2018). These high sedimentation rates are probably the result of larger
availability of fine sediments in response to closures and land reclamation, leading to a loss of natural sediment
sinks (van Maren, Alonso, et al., 2023). On average, the fringing tidal flats accreted around 1 m since closure of
the South Sea (Figure 8b), exceeding Mean Sea Level (less than 0.2 m/century; Vermeersen et al. (2018)) and the
increase in tidal range (Figure 12). Locally, sedimentation rates on the tidal flats has been 3 m since closure
(Baptist et al., 2019). This loss of sediment sinks is probably also driving an increase in turbidity observed in some
parts of the Wadden Sea (van Maren et al., 2016).

The Wadden Sea is therefore a system that has been adapting for centuries to land reclamation (type 1a response)
and more recently to inlet closures (type 1b response), especially of the inlet to the South Sea. Basin closure drives
short‐term (60 years) morphological change but also long‐term (centuries) adaptation controlled by a larger
availability of muddy sediments.

5.3. Ems Estuary (EE), Germany and the Netherlands

The Ems Estuary provides a Type‐1a response to land reclamation that largely started around the year 1500.
Habitation (and resulting improved drainage) of the marshlands surrounding the Ems Estuary led to subsidence
and therefore vulnerability to coastal flooding, resulting in extensive marine flooding (vanMaren et al., 2016; Vos
& Knol, 2015). As a result, the Ems Estuary was much larger in the year 1500 than today (Schrijvershof
et al., 2024). Nearly 400 km2 of land has been reclaimed in the upper estuary since then (Figures 11h and 12). The
resulting decrease in tidal prism and therefore flow velocity led to infilling of the system (1.5 x 109 m3 of
sediments—see Figure 12). The nearly linear infill rate suggests that the system is continuously and slowly
adapting, and especially before the 20th century the reclamation of the intertidal area was the only anthropogenic
driver sufficiently strong to exert a major influence on estuarine morphodynamics. The infilling of the estuary
also led to the degeneration of the distinct ebb and flood channels. Over a period of 5 centuries, the flood channel
has gradually expanded at the expense of the formerly dominant ebb channel because of reclamation of the upper
estuary (Schrijvershof et al., 2024).

On top of the slow and gradual infilling in response to land reclamations are a number of system changes
reflecting more recent interventions. The tide in the upper estuary (the lower Ems River) is amplifying in response
to the construction of an upstream weir (Schuttelaars et al., 2013), several phases of channel deepening (van
Maren, Alonso, et al., 2023) and a reduction of hydraulic roughness (Winterwerp, Wang, et al., 2013). The outer
estuary is becoming more turbid because of creation and maintenance of navigation channels (van Maren, Van
Kessel, et al., 2015), the deepening of the upper estuary (de Jonge et al., 2014) but probably especially because of
the large‐scale loss of sediment deposition areas in the Ems Estuary and updrift Wadden Sea (Section 5.2).

The Ems Estuary therefore provides an example of a system that fills in in response to up‐estuary land recla-
mations, probably without strongly influencing the tidal range (type 1a). It also illustrates that historic land
reclamation strongly influences estuarine morphology to date, and confirms that adaptation timescales to
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reclamation may be very long (for the Ems Estuary up to several centuries). More recent human interventions
such as channel deepening become prominent in the course of the 20th century, but their impact should not be
confused with the slow and steady response resulting from land reclamations.

5.4. Passur‐Sibsa Estuary in the Ganges Delta (GD), Bangladesh

The Ganges‐Brahmaputra Delta (hereafter referred to as the GBD) is one of the most vulnerable deltas in the
world (Syvitski et al., 2009; Tessler et al., 2015), but also the most populous with its 170 million inhabitants
(Paszkowski et al., 2021). The eastern distributary (the Meghna Estuary) receives most of the river's sediment
load while the Southwest part of the delta hardly receives sediment and is largely tide‐dominated, but is also not
subject to changes in fluvial sediment supply. The Southwest delta receives freshwater from the Ganges river
through some old distributaries. The main distributary is the Gorai River of which the river discharge is declining
slightly since the year 2000 (Ali & Hasan, 2022). But large‐scale land reclamation started in the 1960s, before any
changes in river discharge or sediment load in the Ganges‐Brahmaputra river. Since the 1960s, 5000 km2 of
intertidal and supratidal land in the southwest delta was reclaimed (Wilson et al., 2017). The resulting loss of
intertidal area influenced the tidal dynamics through two complex mechanisms, which will be illustrated with two
distributaries of the Southwest delta: the Passur and the Sibsa (see Figure 11d).

Firstly, tidal channels that drain the reclaimed areas filled in with sediment due to the reduction in flow velocity.
Throughout the Southwest Ganges‐Brahmaputra delta, over 1,000 km of such channels filled in with sediments,
while over 400 km of the primary waterways lost over 50% of their original width (Wilson et al., 2017). This
resulted in the creation of 90 km2 of new land, corresponding to deposition of 450 million m3 (Figure 12). This
infilling reduced the tidal prism, and therefore tidal flow velocities, strengthening infilling of the estuaries (van
Maren, Beemster, et al. (2023) and loop II in Figure 6). The loss of intertidal storage simultaneously led to
amplification of the tides in the main channels: first in the Sibsa and later in the Passur (van Maren, Beemster,
et al., 2023). This increase remained linear until the present day (Figures 7 and 12), even though most of the land
was reclaimed before the 1970s (van Maren, Beemster, et al., 2023). This continuous increase illustrates the
importance of the progressive loss of intertidal area on tidal amplification.

The second mechanism through which the system responded to land reclamation involves interaction of the
primary tidal channels (loop IV in Figure 6). The primary channels in the Southwest delta are connected through
secondary channels (Bain et al., 2019). Because the amount of reclaimed land or chronology of reclamation
differed between the two basins (Bain et al., 2019) the tides in one main channel amplified more than the other.
But as these channels are interconnected, one primary channel may capture the tidal prism available to another,
initiating a strong positive feedback loop (Bain et al., 2019; van Maren, Beemster, et al., 2023) because (a) the
connecting channels erode (discharging more water) and (b) the non‐amplifying main branch (the Passur) fills in
with sediments while the amplifying branch (the Sibsa) erodes. Hence more and more tidal prism is conveyed
through the initially amplifying branch.

The Sibsa therefore displays bed erosion and tidal amplification similar to the Scheldt Estuary providing another
example of a Type‐2 response. The infilling character of the Passur river in response to reduction of upstream
intertidal area is typical for a Type 1a response, but with tidal amplification resulting from its connection with the
Sibsa river.

5.5. South Bay (SB) in San Francisco Bay, United States

San Francisco Bay is a heavily urbanized bay with extensive intertidal flats. Its northeastern embayments
(especially San Pablo Bay) have been strongly influenced by a large fluvial sediment input from 1856 to 1887 due
to hydraulic gold mining, while bed levels have been strongly influenced by dredging since the 1920s and reduced
upstream sediment supply due to reservoir construction since the 1950s (B. E. Jaffe et al., 2007; Barnard
et al., 2013). The Central Bay area is heavily impacted by dredging and dredge disposal, borrow pits, and sand
mining (Fregoso et al., 2008). South Bay (Figure 11g) is, in comparison, less influenced by dredging activities and
by changes in the upstream sediment supply. However, since 1858 the area (with a water body of 410 km2) lost
200 km2 of marshland (80% of its 1858 size) to salt ponds, agricultural fields, and urban areas (Figure 12) while 34
km2 (or 40% of its 1858 extent) of the intertidal area was reclaimed (Foxgrover et al., 2004). Given the relatively
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minor influence of dredging works and upstream sediment load changes, we focus on the hydro‐morphological
effect of land reclamations in South Bay.

South Bay has undergone phases of infilling and erosion (Figure 12) with overall erosion dominating. Especially
the extensive tidal flats in its middle reaches eroded, while the upper estuary and the deeper channels filled in with
sediments (B. Jaffe & Foxgrover, 2006). It is not known why some of the tidal flats in South Bay were prone to
erosion, but increased shipping may have provided a mechanism leading to eroding (e.g., Martins et al., 2023 and
Scarpa et al., 2019). However, sedimentation was substantial in the upper estuary and channels. These accretion
patterns can probably be related to the loss of the tidal prism resulting from reclamation because most of the
reclaimed marshes were located in the upper estuary (Foxgrover et al., 2004). Archival data suggest that the tidal
range slightly increased at the head of South Bay (Dumbarton Bridge, see Figure 12). Although such an increase
may be expected because of the wetlands acting as a tidal energy sink (Holleman & Stacey, 2014), the observed
increase of tidal range was comparable with the increase at the entrance of San Francisco Bay (Conomos, 1979;
Disney & Overshiner, 1925).

South Bay (especially its upper reaches) therefore provides an example of a Type 1a response to reclamation:
infilling with a minor change in tidal range. The response of the middle estuary is more variable, featuring
alternating phases of erosion and sedimentation, probably in response to additional human interventions.

5.6. North Branch of the Yangtze Estuary (YE), China

The Yangtze River is the 5th largest river in the world in terms of discharge, annually transporting 470 million ton
before the construction of upstream reservoirs (S. Yang et al., 2015). Due to its large sediment load the river
formed a delta stretching over 700 km in length, controlled by tidal discharge as well as the river discharge. The
Yangtze Delta expanded 1500 km2 between 1950 and 2020, largely owing to tidal flat accretion and reclamation
of the flats (Guo et al., 2021). It is heavily influenced by human interventions through damming of the upstream
river, deepening of access channels, and reclamation of land (Zhao et al., 2018; C. Zhu et al., 2019). The sediment
load reduced with 71–77 % as a result of infilling in upstream reservoirs (S. Yang et al., 2015; H. Yang
et al., 2018). The sediment load of the Yangtze river started to decline because of reservoirs from the mid‐1980s
onwards, but the biggest decrease resulted from the Three Gorges Dam (2003) and subsequent megadams
constructed upstream of the Three Gorges Dam. Channels were narrowed and deepened to facilitate navigation
providing access to the port of Shanghai, with especially the Deep Channel Navigation Project constructed be-
tween 1998 and 2008 greatly influencing the hydrodynamics, ecology and morphology of the delta (Pan
et al., 2012; C. Zhu et al., 2019, 2025). Many land reclamation activities pre‐date the sediment load reduction
resulting from upstream reservoirs and deepening of channels. Especially land reclamation in the northern outlet
of the Yangtze Estuary (the North Branch, see Figure 11b), starting in the 1920s, profoundly influenced tidal
dynamics and morphologic changes. Changes in sediment load are negligible during this period (H. Yang
et al., 2018), and therefore the development of the North Branch can be primarily attributed to land reclamations.

Historically, the North Branch was an important, river‐flow dominated outlet of the Yangtze River, receiving 25%
of the river flow around 1900 (J. Chen & Shen, 1988). Reclamation of sand bars developing at the bifurcation
region of the North and South Branches narrowed the inlet of the North Branch and reduced fluvial influence. At
the same time, reclamation along the inner parts of the North Branch enhanced the width convergence, strongly
amplifying the tides and even leading to the formation of tidal bores (S. Shen, 2003). The channel switched from a
river‐dominated system to a tide‐dominated system in which large amounts of sediments accumulated as a result
of flood‐dominant tidal currents. Rapid infilling of the intertidal areas facilitated more land reclamation, leading
to a further decrease in tidal prism and rapid degeneration of the North Branch (Z. Dai et al., 2016; Guo
et al., 2022; R. Zhang et al., 2023). The North Branch now receives only 5% of the freshwater discharge
(Yun, 2004)–five times less than around 1900.

The North Branch of the Yangtze Estuary therefore provides an example of a Type‐1a response with pronounced
morphological changes because sedimentation rates are accelerated by feedback loop I (increasing flood‐
dominant tides) and IV (channel competition)–see Figure 6.
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5.7. Hangzhou Bay (HB), China

Hangzhou Bay is one of the largest macro‐tidal estuaries worldwide (with a tidal range of 6 m, see Figure 12) with
extensive tidal flats developed on the southern shore. The tides are very asymmetric and home to the world's
largest tidal bore (Fan et al., 2014; Tu & Fan, 2017) as a result of the bay's funnel shape in combination with a
broad inner bar amplifying and deforming the incoming tides (J. Chen et al., 1990; L. Li et al., 2019; Xie
et al., 2022). The abundance of fine‐grained sediments in combination with (flood‐dominant) tidal currents over
2 m/s (J. Chen et al., 1990) results in tide‐averaged suspended sediment concentrations up to 10 kg/m3.
Approximately 1000 km2 of land has been reclaimed in Hangzhou Bay (Figures 11e and 12) and its upper reaches
(Qiantang Estuary) since the 1950s. Reclamation influenced the tides and led to large‐scale sediment infilling
(4,500 million m3 of sediment since 1990; see Figure 12 and (Xie et al., 2017)). The associated annual sediment
deposition rates (around 150 million ton/year), are close to the present‐day annual sediment load of the nearby
Yangtze River (C. Zhu et al., 2019), constituting the main sediment source of the Hangzhou Bay deposits. But
although the sediment load of the Yangtze river has been declining since the mid 1980s (S. Yang et al., 2015; H.
Yang et al., 2018) there are no indications the southward sediment transport in its river plume is reducing (Xie
et al., 2024). The discharge main river draining into Hangzhou Bay (the Qiantang River) has remained largely
constant since beginning of observations (1979) (Xie et al., 2022). As such, Hangzhou Bay provides a tide‐
dominated and sediment‐rich environment in which changes are primarily resulting from land reclamations.

The various reclamation works in Hangzhou Bay (see Figure 1f) minimized the natural sediment sinks of the
estuary, leading to a higher sediment availability in the water column. Reclamation resulted in a weakening of the
tidal flows (especially in the upper Qiantang Estuary) and due to the high availability of sediment, large sediment
volumes accumulated (W. Li et al., 2024). This is typical for a type 1a estuary (rapid infilling due to loss of tidal
prism) and feedback loop II in Figure 6. Both infilling and the loss of intertidal area deformed the tides, both in
asymmetry and in amplitude, especially in outer Hangzhou Bay. Tidal amplification (0.6 m since 1960 at Ganpu
station, see Figure 12) is mainly caused by enhanced funelling (L. Li et al., 2019): a type‐2 estuarine response.
This increase in tidal amplification resulting from funneling is partly compensated by more enhanced tidal
dissipation resulting from the rapid infilling of the bay. Without this rapid infilling, the increase in tidal range
because of funneling would have been up to two m (L. Li et al., 2019). The increase in tidal asymmetry drives two
additional feedback loops (Figure 6) strengthening the effect of land reclamation: more import leads to more
sedimentation on tidal flats which can be easily reclaimed (feedback loop I), and more sediment import leads to
higher SSC levels which reduce the hydraulic roughness, further deforming the tides (Xie et al. (2022); feedback
loop III).

Summarizing, the response of Hangzhou Bay to land reclamation is a combination of type 1a in inner Hangzhou
Bay and Qiantang Estuary (rapid infilling due to loss of tidal prism) and tidal amplification in outer Hangzhou
Bay (type 2) due to more pronounced funnelling. Sediments introduce various non‐linear responses exacerbating
the impact of land reclamations (feedback loops I, II, and III in Figure 6). Tidal amplification is partly
compensated by the rapid infilling rates.

5.8. Pearl River Estuary (PE), China

The Pearl river is China's largest river after the Yangtze, annually transporting about 80 million tons of sediment.
The sediment load is decreasing due to upstream dams since the 1990s (Wei et al., 2020; Z. Liu et al., 2022) but
especially after 2000: it is 72 % lower in the 2020s than before 1990; Wei et al. (2020)). The Pearl River Estuary
(Figure 11c) is a heavily urbanized estuary (Wei et al., 2021) consisting of four sub‐estuaries, including Lingding
Bay and the Modaomen Estuary. Land reclamation in the upper estuary of Lingding Bay since 1960 (Figure 12)
led to a reduction in the tidal flow velocities in the lower estuary and an increase in the flow velocities in the upper
estuary (Chu et al., 2022), promoting an overall infilling of the estuary (Figure 12)–a Type‐1a response. In
absence of contemporary major interventions, this change can be primarily attributed to land reclamation. After
the year 2000 changes in Lingding Bay can no longer be directly related to land reclamation. The transition from
deposition to erosion in the early 21st century (Figure 12) results from dredging. The main channel was deepened
and widened in 1998 and sand mining started in 1989 but accelerated after 2007. This channel deepening in turn
led to an increase in tidal amplitudes (Figure 12). Another factor influencing tidal channel stability is the pro-
nounced decrease in sediment supply due to upstream dams (Z. Wu et al., 2016; Wei et al., 2021). Without these
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upstream dams, infilling rates in response to land reclamation (until the early 21st century) would have likely been
even larger.

Deep Bay (also known as Shenzhen Bay) is a tributary estuary of Lingding Bay. It has been reclaimed at its
landward end and at its mouth and is filling in with sediments (Yang & Chui, 2017). Up‐estuary reclamation
resulted in weakening of the tidal currents (thereby probably responsible for infilling as a Type 1a response),
while reclamation at the mouth accelerated tidal currents (Type 3 response). Most land reclamation in the
Modaomen Estuary (another outlet of the Pearl River, south of Lingding Bay) took place in its seaward reaches to
control flooding and navigation between 1983 and 1992 (L. W. Jia et al., 2013). Sand mining started in the early
1990s and channel dredging in the early 2000s. However, the main channel of the Modaomen Estuary began to
deepen in the 1980s: a period in which the main anthropogenic activity was land reclamation. Deepening
accelerated after 1999. But the deepening volumes (after 1999) are much larger than sand mining volumes (L. W.
Jia et al., 2013; W. Zhang et al., 2015), suggesting that the reclamation works have led to scouring of the main
channels in the Modaomen Estuary (Type 3 response).

In summary, up‐estuary reclamation in the Pearl River Estuary led to infilling (type 1a response) in Deep Bay and
Lingding Bay in a period that other interventions (dredging and reductions of the upstream sediment load) where
relatively unimportant. Reclamation in the mouth of the estuary led to a type 3 response in the Modaomen Estuary
(scouring of the main channel) and Deep Bay (increasing flow velocities). During subsequent periods, sand
mining is responsible for pronounced deepening of the main channels leading to amplification of the tides.

5.9. Jiaozhou Bay (JB), China

Jiaozhou Bay (Figure 11i) is an embayment along China's heavily developed East Coast, and connected to the
Yellow Sea. The extensive tidal flats originally flanking the inner bay have been largely reclaimed. Most of the
land was reclaimed between 1935 and 1966; land reclamation speed and resulting impacts reduced after that (G.
D. Gao et al., 2014). In total about 300 km2 of land was reclaimed (Figure 12) which is almost the same as the
present size of the bay (340 km2; (G. D. Gao et al., 2014)). The water levels decreased only slightly (Figure 12),
and the main hydrodynamic impact of land reclamation was a reduction in tidal prism and flow velocities (the M2

tidal energy reduced with 50%; (G. D. Gao et al., 2014)). This led to an increase in residence time, resulting in a
declining water quality (Qiao et al., 2019; J. Shi et al., 2011). There is no information available on infilling rates or
bed level changes in Jiaozhou Bay, but the strong weakening of hydrodynamic energy suggests that morpho-
logical adaptation is limited. The response of Jiaozhou Bay is therefore typical for sediment‐poor confined
systems even though the muddy coastlines illustrate an abundance of sediments. The timescales associated with
infilling are so long that the hydrodynamic response is insignificantly influenced by morphodynamic adaption.

Land reclamation also influenced the asymmetry of the tides. The M4 tidal amplitude increased relative to the M2

tidal amplitude, strengthening a flood‐dominant tidal duration asymmetry (G. D. Gao et al., 2014) in which a
longer period of high water slack compared to low water slack promotes sediment import. The impact of land
reclamation on tidal asymmetry is influenced by the order of reclamation, with reclamation of the inner bay most
strongly impacting the tidal duration asymmetry compared to reclamation executed at the mouth of the bay (G. D.
Gao et al., 2014). But although the tidal asymmetry is flood‐dominant, the net sediment transport is from the inner
bay toward the ocean because the mouth of the bay is primarily coarse sediment and bedrock (S. Gao &
Wang, 2002).

5.10. Synthesis

Figure 13 presents a semi‐quantitative scheme composed of a hydrodynamic and a morphodynamic axis
(Figure 13). For each coastal environment, the hydrodynamic and morphologic impact is provided in a relative
sense (differentiating between the location of reclamation in case of estuaries, as in Section 4). Herein, we provide
clusters of responses for the non‐key sites: within each cluster no differentiation is made between the relative
impact of each site. The relative position of the key sites relative to each other and the overall clusters of non‐key
sites can now be better determined. The Qiantang Estuary/Hangzhou Bay, for instance, scores higher than any
other site on sedimentation rate while the South Sea (in theWadden Sea) has the strongest reduction in tidal prism.

Most sites are in the top left quadrant (reduction in hydrodynamic energy and sedimentation) of Figure 13. Most
of these examples include type 1 response (infilling resulting from a reduction in tidal prism) with a cluster for
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gradual land reclamation and for closures, but also sedimentation resulting from a reduction in cross‐shore flows.
An increase in hydrodynamic energy (either by tidal amplification or stronger tidal flow velocities) is a less
common response.

Figure 13 facilitates interpretation of observational data, and thereby helps understanding how tide‐influenced
coastal systems have responded in the past and therefore also how they may still respond in the future.
Knowing the relationships between reclamation, hydrodynamic changes and morphological development is also
important to differentiate land reclamation effects from those caused by for example, upstream reservoir con-
struction or local channel deepening. These latter types of human interventions have received much greater
scientific attention compared to that of land reclamation.

6. Summary and Outlook
In estuaries, bays and lagoons, three common response types to land reclamation have been identified. Type 1
concerns reclamation of land at the landward end of confined estuaries, which typically leads to channel infilling.
This process is strengthened by positive feedback loops adding to the persistence of the intervention. Extreme
examples of this type of reclamation are estuarine dams, which are constructed globally, and lead to large‐scale
infilling. Land reclamation along the length of an estuary, here referred to as type 2, typically leads to larger and
more asymmetric tides by enhanced funneling and loss of intertidal storage space. This response is strongly
governed by positive feedback loops, resulting in very persistent channel infilling, channel erosion, or tidal
amplification. Reclamation at the estuary mouth, type 3, may lead to loss of tidal prism when the water body
landward of the land reclamation is very large. However, for most estuaries, river mouth reclamation leads to

Figure 13. Response diagram summarizing the hydro‐morphological impact of evaluated land reclamation differentiating per
coastal environment and location of reclamation (see Table 2). Bold names refer to key sites; non‐bold names to additional
sites (with details in Table 2). The x‐axis represents changes in tidal hydrodynamics (tidal amplitude, prism, and/or velocity),
the y‐axis the morphological response (sedimentation erosion). The circles represent clusters of response of case studies for
which insufficient quantitative data is available to differentiate (with only some of the key sites outside clusters). Names are
partly abbreviated for readability: C. = Coast, B. = Bay, E. = Estuary, PE = Pearl River Estuary, WS =Wadden Sea, YE =
Yangtze Estuary.
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stronger tidal currents and, consequently, scouring of the bed; the resulting channel deepening may subsequently
lead to tidal amplification.

Coastal land reclamations vary widely in terms of size, shape, and location. Their impact on the hydro-
geomorphology of the system is strongly influenced by the availability of sediments and their position within the
coastal system. Along open muddy coasts, they may trigger coastal erosion (limited sediment availability or
pronounced wave influence) or accretion (large sediment availability), depending on local transport conditions. In
more enclosed environments where sediment is insufficiently available for morphological changes to compensate
for modified hydrodynamics (such as coastal embayments), the reduction in tidal prism resulting from large‐scale
land reclamation diminishes the tidal flow amplitudes. This, in turn, leads to lower mixing rates and longer
residence times.

As part of this review, we have identified key challenges that need further scientific exploration, which are related
to relatively unexplored impacts (on the SSC), process knowledge (feedback loops) and methodologies (data
collection and computational aspects relating to timescales).

6.1. The Suspended Sediment Concentration

Land reclamation leads to a loss of sediment sinks and frequently to stronger up‐estuary sediment transport; both
would lead to an increase in SSC. Although this relation is phenomenologically described by Van Proosdij
et al. (2009), Morris and Mitchell (2013), Dronkers (2016), to the authors' knowledge, only van Maren
et al. (2016) and Cheng et al. (2020) quantitatively relate land reclamation to changes in turbidity. Land recla-
mation could even explain the global increase in SSC observed by Hou et al. (2024). According to their satellite
data analysis, the globally averaged SSC increases 0.46% per year, despite the overall reduction in fluvial
sediment load resulting from upstream dam construction. For 30% of the worlds deltas, the sediment load is
decreasing (by e.g. upstream dams) while the offshore SSC is increasing (Hou et al., 2024). Even more, an in-
crease in SSC was typically observed along river and tide‐dominated deltas, but not along wave‐dominated deltas.
Hou et al. (2024) could not explain the sustained increase in SSC along deltas, but we hypothesize it may be
related to land reclamation. We therefore advocate more dedicated studies relating the role of land reclamation to
changes in the SSC, which may help to prevent hyperturbidity and excessive maintenance dredging and the
associated loss of ecological value.

6.2. Feedback Loops

The speed, degree, and duration with which coastal systems adapt to land reclamation are strongly influenced by
positive feedback loops and the availability of sediments. Despite the large‐scale importance of such sediment‐
driven feedback loops, our understanding of these complex interactions remains limited. Advancing our scientific
knowledge of such dynamics is crucial (Hoitink et al., 2020), especially when considering interventions in coastal
environments. An alarming example herein is the Passur‐Sibsa system, in which the tides are amplifying linearly
(from 3 to 5 m–see van Maren, Beemster, et al. (2023)). Tidal amplification in response to morphological pro-
cesses decays exponentially (van Maren, Alonso, et al., 2023). Given the present day linear amplification, it is
likely that tidal amplification will continue for a considerable period of time, probably at least reaching the
amplitudes observed in the Indian Ganges delta distributaries (over 7 m–see Chatterjee et al. (2013)). This in-
crease in tidal amplitude, driven by sediment feedback loops, will significantly exacerbate flood risks in these
heavily populated, subsiding deltas (Syvitski et al., 2009), underscoring the urgent need for both scientific un-
derstanding and careful management.

6.3. Adaptation Times and Equilibrium

The response of coastal systems may be slow, impacting the landscape evolution for centuries. This means that
most systems are still presently adapting to reclamation of their intertidal areas, even if land was reclaimed
decades or centuries ago. This slow response has great practical and scientific implications. Coastal systems are
strongly influenced by many concurrent interventions, such as upstream dams (which lead to a reduction in
upstream sediment supply and/or a change in discharge distribution), channel deepening for navigation purposes
and climate change (notably sea‐level rise). When predicting the impact of such interventions, the assumption is
typically made that these systems start from equilibrium conditions, whereas in many cases, the morphological
changes that are currently taking place are still the result of land reclamation activities in the past. In order to
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separate the long term effects of land reclamations form more recent interventions we recommend to (a) put more
effort into digitizing archival data (of bathymetry and water levels) to better understand long‐term trends (as e.g.
by Talke and Jay (2013), Talke and Jay (2017), Inayatillah et al. (2022), and Latapy et al. (2023)), and (b) account
for such trends when understanding present‐day or future changes resulting from changes in sediment supply,
channel deepening, and climate change. Such historic changes are partly accounted for when predicting the ef-
fects of sea‐level rise using aggregated models such as ASMITA (Kragtwijk et al., 2004; Van Goor et al., 2003),
because they are calibrated against long‐term volumetric changes. But process‐based models predicting adap-
tation to sea‐level rise (Becherer et al., 2018; van der Wegen, 2013) rarely (if ever) start from equilibrium initial
conditions. Similarly, the impact of deepening on estuarine hydrodynamics, water quality, and morphology is
typically evaluated with a channel depth before and after deepening (vanMaren, Van Kessel, et al., 2015; van Rijn
et al., 2018; Y. Wang & Shen, 2020), ignoring observations that estuarine systems are in transition resulting from
land reclamation (as in this paper) or previous deepening phases with a response time of decades (van Maren,
Alonso, et al., 2023).

Glossary
Reclamation Conversion of submerged fluvial or marine environments to land by promoting

sedimentation, by landfill, or by draining embanked areas

Intertidal area The littoral zone between low tide and high tide, which is regularly inundated by the
tides

Feedback mechanism A loop system in which the system responds to an initial perturbation by amplifying it
(positive feedback) or by counteracting it (negative feedback)

Tidal prism The total volume of water imported and exported at a certain cross‐section over a tidal
cycle

Tidal asymmetry A spatial or temporal deviation from a symmetric water level or flow velocity signal

Flood dominance The most common form of tidal asymmetry where a temporal tidal asymmetry leads to
sediment transport in the flood direction

Estuary A partially enclosed water system with a free connection to the open sea or ocean,
receiving fresh water from one or more rivers

Bay A partially enclosed water system connected to a sea, lake or ocean

Acronyms
SSC Suspended Sediment Concentration

ETM Estuarine Turbidity Maximum

MSL Mean Sea Level

MHW Mean High Water

MLW Mean Low Water

SLR Sea Level Rise

Data Availability Statement
All data is extracted from the cited references which are all publicly available. This contribution does not present
previously unpublished data. Data used for the main sites are taken from the following sources. Scheldt Estuary:
van der Spek (1997),Mol (1995),Damet al. (2022), andCoen (1988); theYangtzeEstuary:Guo et al. (2022), S.Wu
et al. (2019), Guo et al. (2021), X. Zhang et al. (2022); the Pearl River Estuary: P. Zhang et al. (2021), X. Zhang
et al. (2022), Han et al. (2023), and H.Wang et al. (2020); the Passur‐Sibsa Estuary: Bain et al. (2019), vanMaren,
Beemster, et al. (2023), and Wilson et al. (2017); Hangzhou Bay: Xie et al. (2017); the Wadden Sea: Van der
Spek (1995), Rijkswaterstaat (2021), Schrijvershof et al. (2024), Van der Spek (1995), Niemeyer (1995), Colina
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Alonso et al. (2021); South San Francisco Bay: Grossinger (1998), Foxgrover et al. (2004), B. Jaffe and Foxgr-
over (2006), Disney andOvershiner (1925), andConomos (1979); the EmsEstuary: Schrijvershof et al. (2024), van
Maren et al. (2016), Pierik (2021), and Elias et al. (2021); Jiaozhou Bay: C. Xu et al. (2021) and G. D. Gao
et al. (2014). Supplemental tidal data was published by NOAA (tidesandcurrents.noaa.gov) for San Francisco Bay
and by the Dutch Ministry of Public Works (waterinfo.rws.nl) for the Wadden Sea and Ems Estuary.
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