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Abstract Coastal wetlands are increasingly impacted by tropical cyclones and storm surges. Seawalls and
levees built to reduce these hazards disconnect wetlands from adjacent uplands, yet their hydroecological effects
remain poorly understood. Using continuous hydrological observations in Chongming Island, Changjiang
Estuary, China, we compared seaward and landward wetlands separated by a seawall. CTD sensor data, water
quality measurements, and plot surveys revealed that seawall construction weakens tidal connectivity and
reduces hydrological exchange landward. Seaward wetlands exhibit tidal-dominated dynamics with higher
salinity and lower chlorophyll (CHL), chemical oxygen demand (COD), and total organic carbon (TOC),
associated with presence of Phragmites australis. Interior wetlands show reduced salinity, higher values of
CHL, COD and TOC, stronger rainfall-driven responses, and are characterized by more terrestrial vegetation
species. These findings suggest that seawalls can substantially alter wetland hydrodynamics and ecosystem
structure, highlighting the importance of incorporating hydrological connectivity into seawall design to sustain
wetland functions.

Plain Language Summary Seawalls are often built along coasts to protect towns and farms from
storms and flooding. However, these walls also reduce the connection between coastal wetlands and the land
behind them, changing how water flows in and out of the wetland. We studied the largest wetland on
Chongming Island in China's Yangtze River estuary, comparing the side of the wetland facing the sea with the
side behind the seawall. We found that the seawall slows water exchange and reduces tidal flushing behind it.
The sea-facing part of the wetland remains salty and supports healthy reed growth, while the area behind the
wall has lower salinity, altered groundwater conditions, and more terrestrial vegetation species. Our results
show that seawalls can alter how coastal wetlands function, not just how they look. When planning or upgrading
seawalls, keeping wetlands connected to the tides can help them stay healthy and function properly.

1. Introduction

To mitigate flood hazards and safeguard human communities, coastal defense structures such as seawalls, levees,
dikes, and breakwaters have been extensively employed (Morris et al., 2018). In China, over 60% of the coastlines
are now protected by such “gray” engineering structures, with a total length exceeding that of the ancient Great
Wall (Ma et al., 2014). Although these structures protect coastal communities and infrastructure, they can
fragment the land—ocean interface and disrupt hydrological processes that sustain coastal wetlands (Gittman
et al., 2016; Lee & Nepf, 2024). Seawalls often disrupt tidal dynamics and hydrological and salinity regimes
(Chen et al., 2024; Cousins et al., 2017), which may lead to a persistent degradation of wetland functions,
particularly in salt marshes where vegetation is sensitive to flooding and salinity (Barbier et al., 2011; Bishop
et al., 2017).

Previous studies have extensively characterized how seawalls alter surface tidal hydrodynamics and drive wave-
induced salinity intrusion, leading to the visible contraction of marsh habitats (Byun et al., 2004; Li et al., 2021;
White & Kaplan, 2017). However, their effects may extend to subsurface processes (Xin et al., 2022). Seawall
foundations can reconfigure groundwater flow paths and attenuate tidal pressure propagation, thereby disrupting
porewater exchange (Heiss & Michael, 2014; Sadat-Noori et al., 2025). These changes may modify root-zone
salinity and nutrient cycling, with consequences for vegetation growth and community structure (Barbier
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et al., 2011; LeRoux et al., 2023). To date, the extent to which seawall construction disrupts subsurface hydro-
logical connectivity, and whether such changes propagate to salt marsh vegetation, remain poorly understood.

Here, we investigate whether seawall-induced hydrological isolation alters groundwater dynamics and, in turn,
affects salt marsh vegetation. Specifically, we (a) characterize groundwater depth dynamics inside and outside the
seawall, (b) determine the relative contributions of tidal forcing and precipitation to groundwater variability, and
(c) assess whether seawall-induced hydrological changes are associated with shifts in wetland vegetation and
ecological structure. These findings provide insights into the potential role of seawall-induced hydrological
isolation in modifying subsurface hydrological connectivity and wetland ecological processes.

2. Methods
2.1. Site Description

The study was conducted at Chongming Dongtan (CMD) on Chongming Island in the Yangtze Estuary, China
(Figure la). Chongming Island contains extensive tidal salt marshes and is bordered by a seawall system
exceeding 200 km in length (W. Zhang et al., 2023; X. Zhang et al., 2023). At CMD, the seawall system was
reinforced and expanded during 2014-2017, integrating coastal defense with habitat restoration and invasive
species management (Figure 1b; Text S1 in Supporting Information S1). CMD is divided by the seawall into
landward and seaward domains that differ in their hydrological connectivity to the tidal system. Sampling sites
were selected within Phragmites australis beds on both sides of the seawall (Figure 1c).

2.2. Data Collection

Two monitoring wells, each approximately 1.5 m deep, were installed in Phragmites australis beds to monitor
near-surface groundwater, with one inside (D1) and one outside (D2) the seawall (Figure 1c). The sites were
within 100 m of each other, with adjacent bare-ground elevations differing by approximately 0.25 m based on the
UAV-derived DSM. Groundwater monitoring was conducted from March 2 to 16 April 2025, when monsoonal
rainfall and typhoon disturbances were relatively limited, to characterize groundwater fluctuations and tidal
influence across the seawall. RBR Concerto3 CTD sensors and multiparameter water quality probes were
deployed at D1 and D2 to continuously monitor groundwater depth and water quality (Table S1 in Supporting
Information S1). The measured parameters included chlorophyll (CHL), chemical oxygen demand (COD), and
total organic carbon (TOC). These parameters were used as complementary indicators to characterize variations
in groundwater environmental conditions across the seawall (Boyer et al., 2009; Park et al., 2022).

Vegetation surveys were conducted on 2 August 2025, when P. australis was in the active growing season with
well-developed morphological traits, allowing characterization of vegetation structural differences between the
two zones. Two 1 m X 1 m quadrats were established at each site (D1 and D2) for vegetation characterization
(Table S1 in Supporting Information S1). Within each quadrat, shoot density was first recorded (Figure S1 in
Supporting Information S1). Ten individuals were then randomly selected across different size classes to ensure
both randomness and representation of morphological variability (Welch et al., 2006). Following the Vegetation
Quadrat Survey Data Standard, plant height, stem diameter, and leaf number were measured, and the mean values
for each parameter were calculated (Plant Science Data Center, 2022).

Furthermore, tidal data from Sheshan Station (National Marine Data and Information Service, 2024) was used to
analyze tidal influences on groundwater fluctuations inside and outside the seawall. Hourly precipitation data
from the Copernicus Climate Change Service Climate Data Store was used to evaluate groundwater responses to
rainfall (Hersbach et al., 2023).

2.3. Data Analysis
2.3.1. Wavelet Transform Analysis

Water level time series in coastal wetlands are influenced by tides, precipitation, and storm surges, showing
complex, non-stationary variability (Zhang et al., 2019). Wavelet analysis is widely used in coastal hydrology to
resolve such multi-scale variability in the time-frequency domain (Dai et al., 2019; Henderson et al., 2009; Nordio
& Fagherazzi, 2022). We performed continuous wavelet transform (CWT) and wavelet coherence (WTC) ana-
lyses using a Morlet wavelet in MATLAB 2024a (Text S2 in Supporting Information S1). The Morlet wavelet
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Figure 1. Study area. (a) Location of Chongming Island in China, (b) Station layout and (c) Instrument deployment and habitat conditions at D1 (inside) and D2 (outside)

the seawall.

was selected because groundwater depth variations associated with tidal forcing exhibit smooth oscillatory
behavior (Morlet et al., 1982). Its complex formulation provides time-frequency localization and phase infor-
mation, enabling identification of tidal periodicities and quantification of phase lags between groundwater re-
sponses and tidal forcing. CWT was used to identify dominant periodicities and their controlling factors, whereas
WTC quantified scale-dependent coherence and phase relationships between groundwater depth and tidal forcing,
providing insights into aquifer—tide interactions (Labat, 2005; Torrence & Compo, 1998).

2.3.2. Statistical Analysis

Given the nonnormal distribution of the hydrological, water quality, and vegetation morphology data, Mann-
Whitney U tests (o = 0.05) were used to assess differences between variables inside and outside the seawall.
Spearman correlation analyses were conducted to examine relationships between cumulative precipitation and
hydrological and water quality variables (Mann & Whitney, 1947; Wissler, 1905).

3. Results
3.1. Periodic Fluctuations of Groundwater Depths

Groundwater depth (GWD) fluctuated markedly at both monitoring wells, inside (D1) and outside (D2) the
seawall (Figure 2a). Inside the seawall, GWD ranged from 0.20 to 1.17 m with a mean of 0.72 =+ 0.28 m and a
fluctuation amplitude of 0.49 m. Outside the seawall, GWD was shallower and more stable, ranging from 0.12 to
0.92 m with a mean of 0.62 = 0.21 m and a smaller fluctuation amplitude of 0.40 m. GWD fluctuations also
exhibited temporal asymmetry. During the observation period, four episodes of rapid GWD rise occurred around
March 3, 11, 26, and April 11, associated with intense rainfall events. In these episodes, GWD exhibited an
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Figure 2. Time series and wavelet analyses of groundwater depth (GWD) inside (D1) and outside (D2) the seawall. (a) GWD
time series (b, c) Wavelet power spectra at D1 and D2. (d, e) Wavelet coherence between GWD and tidal forcing at D1 and
D2. Red and blue blocks represent spring and neap tide phases, respectively. Arrows indicate phase relationships (—: in
phase; «<: anti-phase; 1/]: tidal forcing leads/lags GWD).
average rising rate of 0.017 m/hr inside the seawall, more than twice the 0.007 m/hr observed outside, indicating a
faster response inside the seawall (Figure 2a). In contrast, the recession phase was slower, with declining rates
below 0.004 m hr™". Notably, high water levels persisted longer outside the seawall, with levels inside the seawall
beginning to decline around 16 March and those outside around 19 March (Figure 2a).
Despite dominant long-term trends, GWD also varied at hourly to daily timescales. CWT revealed a non-
stationary 12 hr signal at both sites, corresponding to the semi-diurnal (M2) tidal cycle (Figures 2b and 2c).
Intermittent wavelet ridges exceeding the global significance level appeared outside the seawall during late March
and early April, whereas the corresponding power inside the seawall was weaker and generally below the sig-
nificance level (Figure 2b). At longer periods (128-256 hr), both sites exhibited persistent cycles, with relatively
stronger and more evenly distributed wavelet power inside the seawall, indicating more persistent low-frequency
(long-term) variability (Figures 2b and 2c).
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To further examine the temporal coupling between the two sites, WTC analysis was performed. Strong coherence
between GWD inside and outside the seawall was observed at short periods (2-64 hr) (Figure S2 in Supporting
Information S1). Atlonger periods (64-256 hr), GWD inside the seawall lagged behind that outside the seawall by
approximately 1/8 of a cycle (Figure S2 in Supporting Information S1). During rainfall events, GWD increased
more markedly inside the seawall, while short-period coherence between the two sites weakened (Figure S2 in
Supporting Information S1). Significant coherence between GWD and tidal level was observed at the 12 hr period
(Figures 2d and 2e). GWD initially lagged the tide during the early neap-to-spring transition and gradually
approached an in-phase response. Around the spring tidal peak, the phase shift between GWD and the tidal signal
became smaller, before increasing again toward neap tide as coherence weakened (Figures 2d and 2e).

3.2. Changes in Groundwater Quality

Groundwater quality differed sharply between the landward and seaward sides of the seawall, with higher salinity
seaward and higher CHL, TOC, and COD landward (Figure 3). Time-series analysis showed a general decreasing
trend in salinity at both sites (Figure 3a). However, salinity at the seaward site remained higher than at the
landward site, with median values of 14.96 and 1.14, respectively. Salinity variability was also markedly greater
seaward (IQR = 0.40) than landward (IQR = 0.01) (Figure 3b). Similar patterns of greater variability in the
seaward zone were observed for CHL, TOC, and COD (Figures 3c—3e). In contrast, their concentrations were
consistently higher in the landward zone (Figure 3a). Median values of CHL, TOC, and COD were consistently
higher at the landward site (4.11 pg/L, 70.64 mg/L, and 28.17 mg/L) than at the seaward site (1.82 pg/L,
20.65 mg/L, and 8.16 mg/L) (Figures 3c—-3e).

Groundwater quality exhibited short-term fluctuations around four heavy rainfall events (defined here as events
with a peak hourly precipitation rate exceeding 1 mm hr™! within a 24 hr period) on 3 March, 11 March, 26
March, and 11 April (Figure 3a). Salinity at both sites generally decreased during these periods. CHL declined by
approximately 4% at the landward site, whereas no clear change was observed at the seaward site. In contrast,
COD and TOC at both sites generally increased and subsequently declined. At the landward site, COD and TOC
increased within approximately one day before decreasing, whereas at the seaward site they briefly stabilized
before declining after 1-3 days. Additionally, a distinct short-term increase in salinity and CHL occurred at the
seaward site around 28 March, coinciding with a storm-surge event; salinity increased from approximately 14.90
to 15.39 and CHL rose from 1.72 to 2.34 (Figure 3a). No comparable fluctuation was observed at the landward
site. Spearman analysis revealed significant negative relationships between salinity and cumulative precipitation
at both sites (Text S3 in Supporting Information S1). GWD and CHL showed stronger negative correlations with
precipitation at the landward site, whereas COD and TOC exhibited weaker and more variable relationships (Text
S3 in Supporting Information S1).

3.3. Vegetation Characteristics Across the Seawall

Sampling plots adjacent to the groundwater monitoring sites were used to characterize Phragmites australis
morphology inside (D1) and outside (D2) the seawall. Although reed density was comparable, plant morphology
differed markedly between the two areas (Table S2 in Supporting Information S1). P. australis outside the seawall
exhibited greater plant height and culm diameter than those inside the seawall. Mean plant height outside the
seawall was 104.25 + 26.53 cm, with a culm diameter of 0.46 = 0.11 cm. Inside the seawall, the corresponding
values were 78.25 £+ 12.20 cm and 0.33 £ 0.09 cm, respectively (Table 1). Both differences were statistically
significant (p < 0.001 for both). Leaf number was also higher outside the seawall (8-9 leaves per plant) than
inside (68 leaves per plant) (Table 1). Multiple terrestrial herbaceous species co-occurred with P. australis inside
the seawall, where Phragmites dominance was lower than outside (Figure 1c).

4. Discussion
4.1. Seawall Impacts

In tide-dominated coastal wetlands, water-depth dynamics are primarily controlled by tidal forcing (Buschman
et al., 2009). Seawalls can alter tidal propagation and hydrodynamic connectivity, generating hydrogeochemical
contrasts across the structure (Duan et al., 2025). In CMD, semi-diurnal tides produce a 12 hr periodicity (Figure
S3 in Supporting Information S1), with groundwater influenced by both freshwater runoff and tidal flow
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Figure 3. Groundwater quality inside (D1) and outside (D2) the seawalls. ***Indicated significance at the 0.001 level. (a) Time series of groundwater quality parameters
and precipitation; gray and yellow shading indicate precipitation events and storm surges, respectively (b—e) Boxplots of (b) salinity, (c) CHL, (d) COD, and (e) TOC.

(Figure 4). However, the contrasting hydrodynamic responses between the two nearby monitoring sites indicate
reduced land—sea hydrological interaction landward of the seawall (Figures 2 and 3).

The seawall affects groundwater in two main ways. First, groundwater inside the seawall showed weaker re-
sponses to tidal forcing and delayed long-term fluctuations (Figure 2). Tidal fluctuations were also dampened
landward from spring to neap tides (Figure S4 in Supporting Information S1). Outside the seawall, continued tidal
backwater enhances tidal influence on groundwater, resulting in prolonged high stands during spring tides and
more stable GWD fluctuations (Figures 2a and S4 in Supporting Information S1). At longer periods, GWD inside
the seawall lags >6 hr behind that outside (Figure S2 in Supporting Information S1). This lag suggests a transition
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Table 1
Vegetation Characteristics in Quadrats Inside and Outside the Seawall
Plant parameters D1 (inside) D2 (outside) p-value
Number of plants 90 106 -
Leaves per plant 6-8 8-9 —
Height (cm) 78.25 + 12.20 104.25 + 26.53 <0.001%#**
Culm diameter (cm) 0.33 + 0.09 0.46 + 0.11 <0.001%**

Note. Values are presented as mean + SD. p-values were calculated using the Mann—Whitney U test. *** indicates p < 0.001.

from a tide-driven regime seaward to a weakly tide-coupled regime landward, with suppressed high-frequency
tidal signals (Figure 4a). However, the seawall primarily dampened groundwater response amplitude rather
than dominant tidal periodicity. The observed tidal-GWD phase shift may reflect an asymmetric groundwater
response to the weakening and strengthening of tidal forcing during the spring—neap cycle. During the spring-to-
neap transition, aquifer storage may buffer weakening tidal forcing, allowing groundwater levels to retain part of
their preceding response and causing a changing delay as wavelet coherence decreases (Figure 2).

Second, reduced hydrological exchange behind the seawall alters groundwater environmental conditions. Inside
the seawall, salinity remains consistently low and insensitive to tidal fluctuations, indicating limited tidal in-
fluence and stronger freshwater influence (Figures 3b and S4 in Supporting Information S1). Restricted exchange
may reduce flushing and favor organic matter accumulation, consistent with the higher CHL, COD, and TOC
concentrations observed landward of the seawall (He et al., 2020; Figure 3). In contrast, the seaward area shows
greater salinity variability, with extreme spring tides (during the 28 March storm-surge event) causing abrupt
increases in salinity, CHL, COD, and TOC during surface inundation (Figure S5 in Supporting Information S1).
Stronger tidal flushing promotes water renewal and maintains active hydrological connectivity with coastal
waters (Figure 3; Mitchell et al., 2017).
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Figure 4. (a) Conceptual framework of hydrological inputs and precipitation-driven responses inside and outside the seawall; (b,c) Spearman correlation coefficients (r,)
between hydro-environmental variables and cumulative precipitation.

ZHAO ET AL.

7of 11

a ‘02 ‘9202 ‘L008Y6T

wouy

sqr

85UB017 SUOWIWIOD BAE8.D) 3|edl|dde aup Aq peusenob a e sapie VO ‘8 J0 Sa|n1 10} Aleiqi8UIUO /8|1 UO (SUONIPUOD-PUe-SWIBI ALY A8 |IMARIq 1 [BulUO//Stiy) SUORIPUOD Pue WS | 38U} 88 *[9202/0T/ET] Lo Ariqiauliuo A8|im *ABojouyoe | puy soueids JoH kybueys J0 AIsAIIN AQ TOESZT 199202/620T OT/I0p/W0d A3 Im Ariqiput



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2026GL125301

4.2. Impacts From Episode Precipitation Events

Coastal shallow groundwater systems are highly sensitive to hydrological recharge and atmospheric forcing,
responding rapidly to precipitation and short-term weather variability (Pratt et al., 2025; J. Xu et al., 2025). In our
study, precipitation temporarily overrode tidal forcing during heavy rainfall events. Through recharge-induced
changes in groundwater dynamics, precipitation weakened the coupling between groundwater levels and tidal
oscillations, resulting in a temporary masking of tidal signals at the event scale (Figure 2). Salinity generally
declined following rainfall events, suggesting that freshwater recharge was the primary driver of short-term
groundwater responses (Figures 4b and 4c). Stronger precipitation responses inside the seawall suggest altered
hydrological connectivity, whereas tidal forcing and groundwater-seawater exchange likely dampen precipitation
signals outside the seawall (Figures 4b and 4c). Brief increases in TOC and COD were observed in both inside-
and outside-seawall groundwater during intense rainfall events, potentially reflecting pulse-like inputs of
terrestrial organic matter. However, these responses were short-lived, suggesting rapid dilution and transport
within the groundwater system, thereby limiting cumulative responses to precipitation.

4.3. Ecological Responses to Seawall-Induced Hydrodynamic Buffering

Seawalls can alter hydrological conditions and potentially influence vegetation structure (Bi et al., 2014; Yang
etal., 2017). Crab burrows were widely observed outside the seawall (Figure 1c), and previous studies show that
they can enhance groundwater—surface water exchange and tidal connectivity (X. Xu et al., 2025). Greater ex-
change outside the seawall may maintain more dynamic conditions, whereas restricted exchange inside may
reduce flushing and influence salinity and water quality (Figures 2 and 3). These contrasting hydro-environmental
conditions coincided with differences in vegetation structure, with Phragmites australis outside the seawall
exhibiting greater plant height and larger stem diameter (Table 1). Inside the seawall, weaker P. australis growth
and the presence of terrestrial plant species were observed, potentially indicating reduced dominance of P.
australis (Figure 1c).

Together, these findings suggest that seawall-associated hydrological isolation and reduced tidal flushing can
influence coastal hydrology and ecological structure (Figure 4). These processes may also occur in other coastal
settings where seawalls and other hard infrastructure modify tidal-wetland connectivity, potentially contributing
to wetland fragmentation and associated ecological impacts (Bulleri & Chapman, 2010). This trend increases
ecological risks, including water quality degradation, reduced ecosystem resilience to sea-level rise and extreme
events, and loss of tidal wetlands (Angnuureng et al., 2025; Leo et al., 2019). Future research should assess the
cumulative hydro-ecological effects of seawalls and develop integrated coastal protection strategies combining
structural and ecosystem-based approaches (Dai et al., 2026; Y. Xu et al., 2021). Such strategies can help
safeguard wetland integrity and enhance coastal ecosystem resilience globally.

4.4. Limitations and Future Directions

Our observations reveal contrasting groundwater and biogeochemical conditions across the seawall, but several
limitations remain. First, groundwater was monitored at one site inside and one outside the seawall. Their similar
distances from the seawall and broadly comparable sedimentary settings improve site comparability. However,
the lack of spatial replication and distance gradients limits quantitative separation of seawall effects from vari-
ations in hydrogeological properties and direct quantification of groundwater exchange. Second, the asynchro-
nous timing of hydrological and vegetation observations limits direct linkage between vegetation morphology and
specific hydrological states. In this study, vegetation traits reflect cumulative environmental influences and
spatial contrasts between sites rather than short-term hydrological responses. Future studies combining denser
observations with tracer-based approaches and hydrological modeling could better quantify groundwater ex-
change and its spatial and temporal dynamics under seawall modification.

5. Conclusions

This study reveals the hydro-ecological impacts of seawalls on coastal wetlands in Chongming Island, Chang-
jiang estuary, China. Our key conclusions are as follows:
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1. Seawall isolation limits tidal influence on groundwater. Water inside the seawall exhibits lower salinity
variability and weaker tidal signals than outside, where semi-diurnal tidal cycles dominate, suggesting reduced
hydrological exchange. Reduced flushing may contribute to altered groundwater quality.

2. Precipitation drives rapid changes in groundwater and water quality. These responses are stronger inside the
seawall, whereas outside, tidal forcing masks rainfall effects on groundwater dynamics and chemistry.

3. Seawall-induced hydrological alterations may contribute to vegetation differentiation. Higher salinity and
improved water quality outside the seawall coincide with greater Phragmites australis dominance. Limited
exchange and lower salinity inside correspond with lower Phragmites australis dominance and the coexistence
of terrestrial herbaceous species.

Although seawalls protect against storm surges, they inevitably alter coastal wetland hydro-ecology. Integrating
ecological considerations into seawall design and management can reconcile infrastructure safety with ecosystem
conservation, supporting resilient and sustainable coastal landscapes.
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