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ABSTRACT

While most of the world’s mangrove ecosystems have suffered severe degradation and continued retreat due to
human activities and climate change, those located in tide-dominated estuaries have received much less atten-
tion. Here, we conducted a comprehensive and systematic exploration of mangroves in the tide-dominated
Jiulongjiang Estuary using 1808 Landsat images and regional water and sediment records through the Contin-
uous Change Detection and Classification method. Our results indicate that the mangrove area within the Jiu-
longjiang Estuary increased substantially by 275 ha, with an average annual expansion rate of 19.55 % from
1986 to 2023. Between 1986 and 1999, the rate of mangrove increase was 3.68 ha/yr, surging to 9.46 ha/yr from
1999 to 2023, despite a brief stagnation from 2006 to 2010. Before 2010, mangrove expansion was mainly
concentrated in estuarine bays, while in later years mangroves rapidly colonized the filled estuarine channels.
Meanwhile, mangroves have expanded seaward dramatically, with the mangrove shoreline advancing at a rate of
4.36 m/yr. This spatiotemporal pattern of mangrove expansion reflects the combined influence of human in-
terventions and natural estuarine processes. Human activities are the primary driver of mangrove expansion in
the study area, with 67 % of the mangroves being planted and predominantly located near the tidal limit. The
flood tidal current plays a critical role in fostering a favorable environment for mangrove growth by resus-
pending sediments and transporting sediments from the outer bay into the channels, both of which promote
siltation. Furthermore, the decline in fluvial sediment discharge, wave action, and rising sea levels have not
impeded the seaward expansion of mangrove forests. Episodic typhoons have significantly contributed to tem-
porary stagnation in mangrove growth. Human development activities have also caused a portion of mangrove
loss. Looking forward, our findings highlight that prioritizing mangrove planting near the tidal limit can better
leverage natural sedimentation processes, lower restoration costs, and minimize ecological conflicts, offering
valuable insights for mangrove management in tide-dominated estuaries worldwide.

1. Introduction

their resilience (Krauss and Osland, 2020). Despite their critical
ecological functions, mangrove ecosystems have historically been

Amid the catastrophic impacts of global warming, mangroves have
gained recognition as critical ecosystems for climate mitigation, capable
of sequestering carbon at rates up to 50 times higher than tropical forests
(Ferreira et al., 2022; Wang and Gu, 2021; Godoy and Lacerda, 2015;
Cummings and Shah, 2017). Primarily found in tropical and subtropical
intertidal zones, they provide habitats for diverse species and protect
coastlines by enhancing sediment deposition, increasing soil volume,
and mitigating waves and storm impacts (Alongi, 2002; Lee et al., 2014;
Kamil et al., 2021). During tropical cyclones, mangroves reduce storm
surges and wind forces and typically recover afterward, demonstrating
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neglected. In the latter half of the 20th century, urbanization, aqua-
culture, and overexploitation led to the loss of one-third of global
mangroves (Alongi, 2002). Between 2000 and 2016, approximately
62 % of global mangrove cover has disappeared (Goldberg et al., 2020).
Mangrove ecosystems face significant survival challenges (Feller et al.,
2010). Furtherly, mangroves can tolerate a maximum sea-level rate of
7 mm/yr (Lovelock, 2020). If the rate of sea-level rise exceeds this
threshold, mangroves may fail to accrete vertically at a sufficient pace,
resulting in increased submergence and habitat loss over the next 30
years. (Saintilan et al., 2020).
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Natural drivers strongly influence the habitat conditions, distribu-
tion, and health of mangrove ecosystems. Since the 1960s, approxi-
mately 36,000 ha of mangroves have been lost due to natural causes
(Sippo et al., 2018). Factors such as intertidal elevation (Lovelock et al.,
2011) and hydrodynamics (Alongi, 2009) are critical for mangrove
survival and establishment. Several natural drivers of mangrove
degradation have been clearly identified in existing research, including
storms (Temmerman et al., 2023), waves (Sanchez-Ntnez et al., 2019),
and tides (Lewis et al., 2016; Long et al., 2021). Low-frequency, high--
intensity weather events, such as tropical cyclones and extreme climate
events, also pose significant threats to mangrove ecosystems (Sippo
et al., 2018). Additionally, tidal inundation and waves, through their
effects on sediment dynamics, influence the formation of tidal flats and
limit the seaward expansion of mangroves (Balke et al., 2015). Espe-
cially when wave action is dominant, wave attacks cause damage to the
root systems and soil structure of mangroves, leading to the retreat of the
mangrove front in the estuary (Allison and Lee, 2004). Riverine sedi-
ment provides material for estuarine mangroves, but in river-dominated
estuaries, dam construction has caused erosion and mangrove retreat
(Malini and Rao, 2004). Tidal currents can partially compensate for
upstream sediment deficits, supporting mangrove expansion (Zhou
et al., 2024). Up to date, most studies have focused on river-dominated
estuaries (Dai et al., 2024; Rahman et al., 2013; Walsh and Nittrouer,
2004), while the understanding of mangrove dynamics in
tide-dominated estuaries remains relatively limited by comparison.

Tide-dominated estuaries exhibit distinctive mangrove dynamics.
Compared to wave- and river-dominated deltas, the Nanliujiang Delta
shows the most pronounced seaward mangrove expansion (Dai et al.,
2024). Similarly, despite an overall decline in mangrove area from 81,
979 ha to 54,248 ha in the Fly River Delta, localized seaward expansion
has been observed, likely driven by tidal sediment dynamics (Wu et al.,
2025). However, in tide-dominated estuaries, these studies generally
attribute seaward mangrove expansion to tidal sediment dynamics
without providing systematic analyses, leaving long-term patterns and
the interactions with external environmental factors largely unexplored.
Understanding these processes is ecologically significant, as positive
feedbacks between tidal dynamics and mangroves contribute to sus-
tainable coastal systems. Recognizing the hydrodynamic characteristics
of tide-dominated estuaries also offers management benefits by reducing
reliance on engineered structures and mitigating reclamation-induced
ecological conflicts.

Further, anthropogenic activities could be a major contributor to the
significant decline in mangrove areas. Human interferences such as
coastal development and aquaculture have led to the extinction risk of
16 % of the 70 known mangrove species worldwide (Polidoro et al.,
2010). While the focus of mangrove research has been directed toward
areas experiencing degradation, studies on regions with expanding
mangroves over tide-dominated estuaries have inevitably been limited.

Mangrove ecosystems are predominantly found in muddy intertidal
zones (Wu et al., 2022), making them challenging and unsuitable for
labor-intensive large-scale observations (Tian et al., 2023). Remote
sensing offers a crucial means of obtaining both spatial and temporal
data on the distribution of mangrove ecosystems and their ongoing
changes (Kuenzer et al., 2011). Tidal fluctuations alter mangrove visi-
bility across tidal stages, posing challenges for remote sensing moni-
toring. The methods such as Continuous Change Detection and
Classification (CCDC) and Continuous monitoring of Land Disturbance,
by utilizing long-term time series imagery analysis (Awty-Carroll et al.,
2021; Pham et al., 2019), have the potential to reduce the interference of
factors like tidal fluctuations. Additionally, open-access mangrove
datasets contribute to ecosystem service assessments and support con-
servation and restoration efforts (Worthington et al., 2020). Many
datasets such as upstream suspended sediment concentrations (Long
et al., 2021), tidal currents (Zhou et al., 2024), waves, and sea-level rise
(Wu et al., 2025) have been widely used to quantify the influence of
hydrodynamic factors on mangrove ecosystems.
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The Jiulongjiang Estuary, a tide-dominated estuary and mangrove
reserve within a densely populated coastal region, faces the dual chal-
lenge of balancing intensive human development and mangrove con-
servation. Despite increasing restoration efforts, the mechanisms
sustaining mangrove expansion under strong tidal influence remain
poorly understood. This study addresses this gap by quantifying long-
term spatiotemporal dynamics of mangrove forests (1986-2023) and
disentangling the relative roles of human interventions and hydrody-
namic processes, providing new insights into mangrove resilience and
sustainable management in tide-dominated estuaries. The primary ob-
jectives of this research are: 1) to quantify the temporal and spatial
changes in mangrove area within the Jiulongjiang Estuary; 2) to identify
the dynamic changes in the mangrove shorelines; and 3) to explore the
potential drivers of mangrove expansion and reduction. This research
will provide valuable insights into the holistic changes of mangroves in
the Jiulongjiang Estuary, offering important guidance for mangrove
management in tide-dominated estuaries, restoration efforts, and policy-
making worldwide.

2. Materials and methods
2.1. Study area

The Jiulongjiang is the second-largest river in Fujian Province,
China. It traverses Zhangzhou before discharging into the Taiwan Strait,
opposite Xiamen Bay (Zeng et al.,2022). Located in southeastern China,
the Jiulongjiang is a subtropical river strongly influenced by the sub-
tropical monsoon climate. The region experiences pronounced seasonal
variability in both precipitation and temperature, with an average
annual rainfall of 1400-1800 mm and an average annual runoff of 14.4
billion m® (Mo et al.,2016). The flood season extends from May to
September, during which approximately 75 % of the annual precipita-
tion occurs. Although this period accounts for only about 24 % of the
year, it contributes more than half of the total annual runoff, with seven
flood events recorded in 2014, all within the wet season (Gao et al.,
2018). In addition to floods, Fujian is one of the provinces with the
highest number of typhoon disasters and losses (Wang et al., 2021; Ye
et al., 2020), and the Jiulongjiang Estuary is therefore highly exposed to
frequent and intense typhoon disturbances.

The study area is situated at the Jiulongjiang Estuary, a macrotidal
region where river runoff interacts with tidal currents. The estuary
features a typical semidiurnal tidal regime, with an average tidal range
of 3.9 m and a maximum tidal range of 6.24 m (Jiang and Wai, 2005;
Wang et al., 2013), and is classified as a tide-dominated estuary (Wang
and Jiang, 2013). There are narrow tidal sand ridges distributed in the
estuary (Xu et al, 2014). The study area, located between
117°47'06"E-117°59'35"E and 24°19'40"N-24°29'45'N, lies at the
northernmost limit of mangrove distribution in China (Wang and Gu,
2021).

The Jiulongjiang Estuary is a key mangrove distribution area in
Fujian Province, dominated by cold-tolerant species such as Kandelia
obovata, Aegiceras corniculatum, and Avicennia marina. These species are
well-adapted to the region’s climatic conditions. The estuary is recog-
nized as one of the world’s primary habitats for Kandelia obovata (Wang
et al., 2000; Zhang and Lin, 1984). Moreover, in 1988, the Jiulongjiang
Estuary mangrove provincial nature reserve was established at the Jiu-
longjiang Estuary (Fig. 1C). For analysis, the study area is divided into
three sections based on the distribution of islands: Northern Section
(NS), Central Island Section (CIS), and Southern Section (SS) (Fig. 1).

2.2. Materials

In this study, all available Landsat time-series remote sensing images
(Path 119, Row 43; Path 120, Row 43) spanning from 1986 to July 2024
were obtained from Google Earth Engine (GEE) for mapping the spatial
distribution of mangrove forests. These images include Landsat 5 TM,
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Fig. 1. Spatial setting of the study area in the Jiulongjiang Estuary. (A) Map of China indicating the location of Fujian Province. (B) Distribution of hydrological
stations and major mangrove areas within the study region. (C) Division of the study area into three sections: Northern Section (NS), Central Island Section (CIS), and

Southern Section (SS).

Landsat 7 ETM+ , Landsat 8 OLI, and Landsat 9 OLI-2, all from USGS
Landsat Collection 2, which provides improved geometric accuracy,
updated radiometric calibration, and globally consistent terrain
correction. The images are referenced to the WGS84 geographic coor-
dinate system and the UTM projection coordinate system. During image
preprocessing, the Quality Assessment band was used to eliminate pixels
affected by clouds, cloud shadows, and those with abnormally high
values due to sensor saturation. The Surface Reflectance Atmospheric
Opacity band was employed to remove pixels exhibiting high opacity
resulting from atmospheric interference. For Landsat 7 ETM+ data,
minor corrections were applied to address scan-line gaps caused by the
scan-line corrector failure, thereby eliminating artifacts associated with
missing scan lines. A total of 1808 images were processed to generate the
mangrove distribution maps.

The Mangrove China LASAC_sharing (MC_LASAC) dataset was uti-
lized to validate the accuracy of the results (Zhang et al., 2021). Runoff

and sediment data were obtained from the Fujian Provincial Water Re-
sources Bulletin, the Soil and Water Conservation Bulletin, and hydro-
logical records from the Punan and Zhengdian hydrometric stations
covering the period from 1980 to 2009. For the latter, only average
values from 1980 to 1988 were available for the Punan and Zhengdian
hydrometric stations, with no data for 1989-1990. Typhoon data were
sourced from the National Oceanic and Atmospheric Administration
(NOAA) National Centers for Environmental Information (NCEI) (https
://www.ncei.noaa.gov/data/international-best-track-archive-for-cli

mate-stewardship-ibtracs/v04r00/access/shapefile/). Sea level data
were sourced from the China Sea Level Network. Wave data used in this
study were obtained from the fifth-generation atmospheric reanalysis
dataset (ERA5) produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Hersbach et al., 2018). This dataset pro-
vides hourly global wave and climate variables, and the present analysis
utilized mean hourly data for 2021-2023 (https://doi.org/10.24381/
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cds.adbb2d47).

2.3. Methods

2.3.1. Data preprocessing

The images of data used in this study underwent preprocessing,
including atmospheric correction, radiometric calibration, and geo-
metric correction (Dwyer et al., 2018). Spectral indices provide valuable
phenological information, which can enhance the accuracy of classifi-
cation (Siachalou et al., 2017). The reflectance values of blue, green,
red, near-infrared, shortwave infrared, and brightness temperature
bands were selected, and six spectral indices (Table 1) were calculated
for each image to serve as input parameters for the classifier.

2.3.2. CCDC methodology

The Continuous Change Detection and Classification (CCDC) time
series modeling and change detection method was proposed by Zhu and
Woodcock (2014). CCDC constructs a time series model for each pixel
using all available Landsat surface reflectance measurements (Eq. (1)),
allowing for the detection of deviations from past patterns in spectral
time series data. The classification method, introduced by Zhu et al.
(2016) and Pengra et al. (2016), is applied after the change detection
step. It uses model coefficients and the root mean square error estimated
by the model, among other factors, as inputs for the Random Forest
Classifier to perform classification. To improve the robustness, repeat-
ability, and spatial consistency of the algorithm, it is necessary to adjust
the CCDC input parameters to better characterize gradual land surface
changes (Brown et al., 2020). All parameters from the time series model
and change detection outputs, including coefficients and root mean
square error, together with other nonlinear variables such as slope and
aspect, are used as input data for the Random Forest Classifier in land
cover classification. A time-series model was constructed for the imag-
ery from 1986 to July 2024 to perform classification (Fig. S1). Consid-
ering that mangroves are evergreen plants (Suratman, 2008), December
was selected as the classification period to improve the distinction of
mangrove distribution, as most surrounding non-mangrove vegetation
exhibits reduced greenness or senescence during winter, thereby
enhancing spectral contrast. Using the MC_LASAC dataset, Google Earth
historical imagery, and online panoramic maps, five types of sample
points—water bodies, intertidal zones, impervious surfaces, mangroves,
and other land cover types—were visually interpreted. The training
dataset consisted of 80 % of the samples, with the remaining 20 % used
for model accuracy testing.

Table 1
Spectral indices used for classification.

Name Equation References

1 Normalized Prir __~ Pred
NDVI =*tnir_ Fred Zhang et al., (2017)

Difference Prir T Pred
Vegetation Index
(NDVI)
2 Normalized Pswir2 — Pgreen
NDMI = ————— v et a
Difference Pswizz + Pareen Zhang et al., (2017)
Mangrove Index
(NDMI)
3 Modified Pgreen — PswIR
mNDWI — -&een_ TSWIR “hen et al.. (¢
Normalized Pereen + Pswir Chen et al., (2017)
Difference Water
Index(mNDWI)

4  Mangrove
Vegetation Index
(MVI)

5  Land Surface
Water Index
(LSWI)

6  Enhanced
Vegetation Index 25 PNIR — Pred
(EVD PNIR + 6Prea = 7-5ppie +1

MVI — PNIR — Pgreen

= Baloloy et al. (2020
Pswir1 — Pgreen Y ( )

PNIR — Pswr
LSWI = —————="= Chandrasekar et al.

(2010)

PNIR T Pswir

EVI = . .
Nepita-Villanueva

et al. (2019)
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Where i is the ith Landsat band, t is the ordinal of the date, with January
1 of the year 1 having an ordinal value of 1 (using the proleptic Gre-
gorian calendar), T is the average number of days per year, which is
365.2425, ay;, b, are the estimated nth order seasonal harmonic co-
efficients for the ith Landsat band, cy;, c;; are the estimated intercept and
slope coefficients for the ith Landsat band, p (i,t)is the predicted value for
the ith Landsat band at the ordinal date t.

2.3.3. Spatial information of mangrove

To assess mangrove gains and losses, the Raster Calculator tool in
ArcGIS was used to perform layer addition and subtraction, generating
new layers that reflect the spatial distribution of mangrove areas. The
output values from these operations indicate areas of mangrove gain or
loss.

The Digital Shoreline Analysis System is an effective tool for moni-
toring shoreline changes in coastal wetlands with high spatial and
temporal resolution (Lopez and Cellone, 2022). In this study, mangrove
shorelines from 1986, 1990, 1994, 1998, 2002, 2006, 2010, 2014, 2018,
and 2023 were visually interpreted and extracted using ArcGIS. To
quantify shoreline change, a total of 767 transects were generated
perpendicular to the mangrove front at 30-meter intervals along the
entire study coastline, spanning five distinct coastal segments, thereby
providing sufficient spatial coverage for temporal analysis. The
Weighted Linear Regression method was then applied to these transects
to calculate the rate and direction of mangrove movement over time.

2.3.4. Landscape pattern

Landscape pattern indices quantify the complex spatial patterns
within a landscape, enabling a better understanding of the associated
ecological processes through computation (McGarigal, 2006). FRAG-
STATS is a versatile, automated program for quantifying landscape
structure, offering a comprehensive selection of landscape metrics with
minimal technical training requirements (McGarigal and Marks, 1995).
Patch Density (PD) reflects the degree of fragmentation in a landscape. A
higher density indicates smaller and more dispersed patches. The Path
Cohesion Index (COHESION) measures the degree of connectivity be-
tween patches in a landscape and is commonly used to assess habitat
connectivity. A higher COHESION value indicates better connectivity
between patches. These two indices were selected to measure the
mangrove landscape pattern. The formulas for these indices are as fol-
lows (McGarigal and Marks, 1995):

N
PD = @
n -1
COHESION — [1 _%] : {1 - %} (100) 3)
i=1Fi 1

Where, N: total number of patches of the selected patch type land-
scape, A: total area of the landscape, i: 1, ..., n patches, ai: the area of
patch i, p;: the perimeter of patch i.

2.3.5. Datasets and statistical analyses

To better interpret the observed mangrove dynamics, we incorpo-
rated multiple datasets related to sediment supply, tidal characteristics,
wave conditions, typhoon activity, human activities, and sea-level rise.
River discharge and sediment load records were compared with the
annual expansion of mangrove area into the sea, and a lagged correla-
tion analysis was further conducted using the Pearson coefficient (95 %
confidence interval, up to a 15-year lag). Local tidal current character-
istics were obtained by integrating published data (Niu, 2019) with
remote sensing imagery and visual interpretation. Local wave conditions
were analyzed in relation to the estuarine geographic setting. In this
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study, a 500 km buffer zone that can completely reflect the influence of
typhoons was established (Jiang and Zipser, 2010), and the frequency
and maximum wind speeds of typhoons, along with the net mangrove
gain, were analyzed to assess their potential relationship. Mangrove
degradation induced by human activities was tracked using remote
sensing imagery.

2.3.6. Accuracy assessment

The accuracy of the sample points was verified using high-resolution
imagery from Google Earth (https://www.google.com/earth/) and
Google Street View (https://www.google.com/streetview/). The overall
accuracy and Kappa coefficient were used as statistical tools to assess the
classification accuracy (Fitzgerald and Lees, 1994). When applying the
CCDC classification, sample points were collected every 4 years from
1986 to 2023. The overall accuracy of the mangrove classification
exceeded 0.93, and the Kappa coefficient was greater than 0.91
(Table 2), indicating a high level of confidence in the classification re-
sults. Additionally, the Digital Shoreline Analysis System was configured
with a 95 % confidence interval, further ensuring the robustness of the
shoreline change estimates.

3. Results
3.1. Changes in mangrove forest area

The mangrove area presented an overall increase from 38.02 ha in
1986-313.02 ha in 2023, indicating a net growth of 275 ha (Fig. 2A).
This growth pattern of the mangrove area was characterized by a slow
increase before 1999, followed by a rapid rise until 2023. Specifically,
the area expanded at a rate of 3.68 ha/yr from 1986 to 1999, which then
accelerated to 12.52 ha/yr between 1999 and 2006 (Fig. 2A). Note that
there was a relatively stable phase occurred from 2006 to 2010, during
which the mangrove area maintained a mean value of 181.93 ha and the
growth rate declined to 4.24 ha/yr (Fig. 2A). Subsequently, the growth
rate increased again to 9.42 ha/yr after 2010 (Fig. 2A).

The growth patterns of mangroves of Jiulongjiang Estuary had
spatial differences (Fig. 2B-D). In the Northern Section, mangrove area
increased slightly from 2.77 ha in 1986-16.88 ha in 2023, while its
share of the total mangrove area declined from 7.29 % to 5.39 %. In the
Southern Section, mangrove area rose from 15.34 ha to 56.63 ha, but its
proportion decreased from 40.35 % to 18.09 %. By contrast, the Central
Island Section followed the overall trend, expanding from 19.90 ha to
239.51 ha, with its share increasing from 52.36 % to 76.52 %.

3.2. Spatial gain and loss in mangrove area

Between 1986 and 2023, the mangrove area increased by 319.87 ha,
with a total loss of 44.87 ha (Fig. 3A, Fig. 4). The Central Island Section
accounted for the majority of mangroves, gaining 245.22 ha and losing
25.61 ha, with 87.78 ha added between 1998 and 2006 in estuarine
bays, representing 36 % of its total gain. Losses were concentrated at
Haimen Island during 2006-2010 and along the channel in 2018-2023.

Table 2
Accuracy assessment of the research area.

Year Overall accuracy Kappa coefficient value
1986 0.98 0.97
1990 0.93 0.91
1994 0.94 0.92
1998 0.96 0.94
2002 0.98 0.97
2006 0.95 0.93
2010 0.96 0.95
2014 0.96 0.95
2018 0.93 0.91
2022 0.99 0.98
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The Northern Section remained relatively stable, adding 9.71 ha from
2010 to 2023, mostly along channels and accounting for 55 % of its gain.
The Southern Section gained 29.54 ha over the same period, repre-
senting 35 % of its increase, with growth primarily along channels, but it
experienced early losses of 4.98 ha between 1990 and 1994.

The spatial distribution of mangrove areas in the Northern Section,
Central Island Section, and Southern Section exhibited similar patterns
over time. For clarity, we define the “bay” as the broader estuarine water
body, including the mouths of channels, whereas “channels” refer to the
narrower tidal waterways. Mangroves were initially confined to the
estuarine bay and subsequently colonized the channels, resulting in a
more fragmented distribution over time (Fig. 4). Fig. 3B-D exhibited
such transformation. Specifically, between 1986 and 2010, mangrove
growth was predominantly concentrated in estuarine bay areas,
contributing 94 %, 95 %, and 54 % of the total growth in the Northern
Section, Central Island Section, and Southern Section, respectively
(Fig. 3B-D). However, from 2010 to 2023, these proportions declined
sharply to 11 %, 41 %, and 19 % (Fig. 3B-D), indicating that mangrove
forests gradually shifted their main growth areas towards the channels
(Fig. 4).

3.3. Shoreline migration of mangrove forests

Analysis of the five mangrove shorelines over the long-term obser-
vation period revealed a consistent seaward expansion trend, with no
evidence of shoreline loss (Fig. S2). The overall average expansion rate
across the 767 transects was found to be 4.36 m/year between 1986 and
2023.

However, the seaward expansion rates of mangrove shorelines vary
across different regions. Specifically, the Central Island Section region
exhibited the fastest rate of seaward expansion at 5.19 m/year, followed
by the Northern Section with a rate of 3.42 m/year. The slowest
expansion occurred in the Southern Section, which is significantly below
the average rate, with a rate of only 2.57 m/year. In the Central Island
Section, mangrove shorelines displayed substantial differences in
seaward expansion rates, with Gamvin Farm having the highest rate of
14.92 m/year, while the average rate at Haimen Island and Datu Chau is
1.27 m/year (Fig. S2).

3.4. Changes in landscape patterns of mangrove forests

PD and COHESION exhibited pronounced abrupt changes during the
observation period (Fig. 5). In the early stage, PD exhibited a rapid
decline, followed by a notable increase after 2011 (Fig. 5A). Similarly,
COHESION initially increased rapidly but began to decline after 2011
(Fig. 5B). Specifically, PD declined rapidly from 211.01 in 1986-82.83
in 2011 at a rate of 5.13/yr, followed by an increase to 106.33 in 2023 at
arate of 1.96/yr (Fig. 5A). In contrast, COHESION increased from 78.74
in 1986-92.32 in 2011 at a rate of 0.54/yr, before decreasing to 88.67 in
2023 at a rate of 0.30/yr (Fig. 5B).

3.5. Datasets describing estuary conditions

3.5.1. River discharge and sediment supply

Between 1980 and 1988, sediment discharge of the Jiulongjiang
Estuary reached 4.18 million tons, declining to an average of 3.09
million tons after the 1990s, while runoff volume decreased by only 7 %
(Fig. 6). Despite this reduction, the annual seaward expansion of
mangrove area remained relatively stable across both periods. Notably,
peak expansion years in 2002, 2004, and 2011 coincided with particu-
larly low sediment discharge. Lagged correlation analysis revealed no
significant relationship between sediment transport and mangrove
seaward expansion.

3.5.2. Tidal dynamics and sediment transport
In the outer sea of the estuary, current velocity decreased markedly
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Fig. 2. Temporal and spatial dynamics of mangrove forests in the Jiulongjiang Estuary from 1986 to 2023. (A) Overall temporal changes in total mangrove forest
area. (B-D) Mangrove area variations in the Northern Section (B), Central Island Section (C), and Southern Section (D).

from over 1 m/s at the mouth to less than 0.5 m/s within Xiamen Bay
(Fig. S3A). Within the estuarine bay, tidal flow primarily followed an
east-west direction, largely aligned with the coastline (Fig. S3B). Sedi-
ment transport showed seasonal variability: during the flood season,
most sediments settled within the bay, whereas in the dry season, sus-
pended sediments were substantially reduced (Fig. S3C).

3.5.3. Wave climate and geomorphic setting

Waves from the east and northeast dominated the outer sea, ac-
counting for 58 % of total wave occurrences, with heights generally
exceeding 1 m and peaking at 4.17 m (Fig. S4). Barrier islands around
the estuary were generally aligned with the dominant wave directions,
while waves from other directions were considerably attenuated before
reaching the islands, with heights typically below 1 m (Fig. S4).

3.5.4. Mangrove disturbance factors

From 1999-2023, mangroves generally exhibited rapid growth, with
net annual gains of 11.90 ha between 1999 and 2005 and 9.43 ha be-
tween 2011 and 2023, while gains between 2006 and 2010 declined to
5.63 ha/yr (Fig. 7). Wind speeds from 2005 to 2008 ranked among the
top five highest from 1986 to 2021, with 2006 recording the maximum
wind speed and 2008 the highest number of typhoons (Fig. 7). During
this period, net annual gains decreased from 17.87 ha in 2005-11.18 ha

in 2006, representing the largest single-year decline, and then reached a
minimum of 2.77 ha in 2008 (Fig. 7). In addition, human activities,
including aquaculture (Fig. S5A), bridge construction (Fig. SSBC), berth
development (Fig. SSAD), and wharf construction (Fig. S5E), caused
localized mangrove degradation. Along the Fujian coast, sea levels rose
at an accelerating rate, representing a long-term pressure on coastal
ecosystems (Fig. S6).

4. Discussion
4.1. Drivers of mangrove area dynamics

4.1.1. Mangrove gain

Sediments support mangrove growth by supplying nutrients,
improving soil structure, and providing favorable conditions for seed-
ling establishment (Asbridge et al., 2016; Kamal et al., 2020). Adequate
sediment enables mangroves to enhance coastal accretion and maintain
soil elevation (Turner, 2015), whereas limited upstream supply con-
strains their erosion-prevention capacity (Besset et al., 2019). Prior to
1990, high sediment discharge from the Jiulongjiang Estuary promoted
siltation, raising the delta by 10-15 cm/yr and facilitating seaward
expansion of 100-150 m (Cai et al., 1987). After the 1990s, upstream
hydraulic structures reduced sediment discharge (Chen et al., 2018;
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Fig. 6), yet mangrove area continued to expand. Peak expansion even
coincided with particularly low sediment supply, showing no significant
lagged response and deviating from the expected positive correlation.
This suggests that runoff-driven sediment transport may not be the
primary driver of mangrove gain.

In tide-dominated estuaries, tidal currents from the open sea typi-
cally drive significant landward sediment transport (Dalrymple and
Choi, 2007). The Jiulongjiang Estuary, however, exhibits different dy-
namics. Complex topography and barrier islands sharply reduce flow
velocity (Fig. S3A), limiting the transport of coarse sediments and pre-
venting offshore sediments from entering the bay (Niu, 2019). Conse-
quently, sediment supply in this estuary is primarily derived from
terrestrial sources. After 1990, despite a 26.08 % decrease in runoff
sediment transport (Fig. 6), mangroves continued to expand in the
seaward direction. We speculate that this was largely driven by the
resuspension of surface sediments by tidal currents and the landward
transport of sediments from Xiamen Bay (Wang, 2005). Within the

estuarine bay, flood tides generally flow slightly northward, while ebb
tides flow southward, particularly near the entrance where water ex-
changes with Xiamen Bay (Fig. S3B). This creates a residual surface
current that transports sediments west of Haimen Island, depositing
them in the central bay, while upstream sediments are directed south-
eastward, accumulating in the same central region and are partially
conveyed into Xiamen Bay (Fig. S3C). These tidal dynamics enable
mudflats in mangrove areas to rise steadily, creating conditions suitable
for rapid mangrove colonization once an appropriate elevation is
reached (Swales et al., 2015). This mechanism explains the observed
rapid expansion at Gamvin Farm and Datu Chau, where mangrove areas
grew from 13.70 ha in 1986-154.43 ha in 2023, representing 49.34 %
of the total mangrove area. Semi-diurnal tides further support this
expansion by providing optimal submergence conditions for Kandelia
obovata (Luzhen et al., 2004). The estuarine coupling process, domi-
nated by tidal currents and supplemented by river discharge, also in-
fluences mangrove dynamics. During the flood season, which accounts
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for 75 % of annual runoff (Gao et al., 2018), the tidal limit (the inland
boundary where flow slows and sediment accumulates) is located near
Gamvin Farm (Yang et al., 2017). In the dry season, reduced runoff
enhances tidal intake and sediment transport, shifting the tidal limit
upstream into the middle and upper channels (Fig. S3B). This redistri-
bution of sediments creates a favorable environment for mangrove
growth, as reduced runoff facilitates tidal sediment redistribution and
enhances landward sediment transport (Wells, 1995). Simultaneously,
tidal currents deposit sediments within the channels (Fig. S3C),
providing a substrate that supports subsequent mangrove expansion.
Since 2010, mangroves have emerged at multiple channel locations,
increasing by 86.07 ha by 2023 (Fig. 3).

Since 1990, annual investments in mangrove restoration in the Jiu-
longjiang Estuary have been conducted (Ye et al., 2006), such as the
planting of mangroves at Gamvin Farm in 1999 and subsequent projects
initiated by the China Mangrove Conservation Network in 2003, which
played a pivotal role (Fig. 8 C-E). The sharp decline in PD and the
concurrent rise in COHESION indicate an increasing aggregation of

mangroves in specific areas (Fig. 5). Additionally, the spur dam in the
upper section of the Middle Channel, together with the surrounding
topography, diverted a substantial volume of fluvial water into the
South Channel, thereby weakening hydrodynamic conditions in the
Middle Channel. This alteration contributed to severe siltation in the
Middle Channel (Fig. S7), creating favorable conditions for mangrove
growth and expansion. Consequently, the Middle Channel exhibited the
most extensive mangrove coverage among all channels. During this
period, COHESION and PD reached turning points, with COHESION
decreasing by 3.64 and PD increasing by 23.97 (Fig. 5).

4.1.2. Mangrove loss

Typhoons significantly affect coastal ecosystems, particularly man-
groves, by causing direct physical damage (Kauffman and Cole, 2010).
In the Jiulongjiang Estuary, consecutive years of intense typhoons
slowed mangrove expansion. Although mangrove areas generally grew
rapidly from 1999 to 2023, growth plateaued between 2006 and 2010
(Fig. 7), coinciding with extreme typhoon events from 2005 to 2008. In
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Fig. 6. Annual seaward mangrove expansion in relation to sediment discharge and runoff in the Jiulongjiang Estuary.

2010, ten heavy rainstorms and five typhoons further contributed to
substantial damage. Typhoons not only cause direct mechanical injury
but also induce secondary damage through drifting debris and broken

branches, severely reducing seedling survival at the seaward edge and
limiting growth and expansion (Primavera et al., 2016). However,
well-established artificial mangrove forests have demonstrated
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exceptional resilience even under super typhoons (Zhang et al., 2022).
For instance, in 2016, despite a typhoon with maximum wind speeds of
129 kt, net mangrove gains decreased by only 0.65 ha relative to the
previous year (Fig. 7), suggesting that, over time, the overall impact of
typhoons on mangrove populations in the study area is limited. In
addition, the primary driver of mangrove loss in the Jiulongjiang Estu-
ary is the demand to support local urban development and meet the
needs of the resident population. Nevertheless, the overall extent of loss
remains limited, totaling only 8.24 ha (Fig. S5).

4.2. Drivers of mangrove shoreline dynamics

The mangrove shoreline in the Jiulongjiang Estuary has consistently
expanded seaward (Fig. S2). During the flood season, the tidal limit near
Gamvin Farm facilitates sediment accumulation along the shoreline,
promoting a seaward advance of the mangrove front by 567.02 m
(Fig. S3C). While waves can threaten mangrove seedlings and contribute
to shoreline degradation (Yuanita.et al., 2021), barrier islands around
the estuary, aligned with the dominant wave direction, buffer wave
energy effectively (Fig. S4). This protective effect is further enhanced by
the estuary’s complex bathymetry, where extensive islands and inter-
tidal mudflats in the central region provide natural shelter (Cheng et al.,
2020), creating a stable environment conducive to mangrove growth.
Within the estuary, waves from the northeast, southeast, and
south-southeast, primarily driven by winds (Niu, 2019), influence
mangrove distribution. Mangroves in the Southern and Northern Sec-
tions, oriented north-south, are largely shielded from direct wave
impact, whereas those in the Central Island Section, oriented east-west,
benefit from protection by small islands such as Haimen Island. Conse-
quently, shorelines in these areas continue to expand seaward. Addi-
tionally, wave action enhances tidal sediment transport from Xiamen
Bay, supplementing the estuarine sediment supply. Typhoons during the
flood season further increase hydrodynamic forces and sediment
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deposition; under strong storm conditions, the average suspended
sediment concentration rises from 0.1 to 0.25 kg/m?® (Niu, 2019),
facilitating sediment accumulation and supporting continued mangrove
expansion.

Moreover, the invasion of Spartina alterniflora into mangrove eco-
systems, largely resulting from human introduction and deliberate
planting, has greatly threatened the ecological integrity of mangrove
habitats (Zheng et al., 2023). Since 2014, mangroves at Gamvin Farm
have remained relatively stable with minor seaward changes, whereas
mangroves in other areas have nearly occupied the entire intertidal zone
(Fig. 8). This limited expansion at Gamvin Farm is due to mid-intertidal
zones being dominated by Spartina alterniflora and other invasive spe-
cies, which occupy an average area of 19.48 ha, severely hindering
mangrove colonization (Fig. 9).

Globally, most mangrove regions are unable to keep pace with rising
sea levels, rendering them vulnerable to submersion (Sasmito et al.,
2016; Saintilan et al., 2020), with sea level rise projected as a major
threat (Lovelock et al., 2015; Blankespoor et al., 2017). In contrast,
mangroves in the Jiulongjiang Estuary exhibit a distinct trend of
seaward expansion. Along the Fujian coast, sea levels have been rising at
an accelerating rate (Fig. S6), with an expected increase of 75-180 mm
over the next thirty years (Ministry of Natural Resources. 2024). At the
Jiulongjiang Estuary, the rate of sea level rise is 3.1 mm yr™* (Yuanetal.,
2016), while the average surface elevation gain of mangroves is
34.1 mm yr (Fu, 2019), far exceeding local sea level rise. These ob-
servations suggest that, at least in the short term, rising sea levels are
unlikely to substantially affect the seaward expansion of the mangrove
shoreline.

4.3. Primary drivers and management implications of mangrove dynamics

Ground and historical records (He et al., 2020, September) allow for
the delineation of naturally restored mangrove areas, facilitating a more
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Fig. 8. Temporal and spatial dynamics of mangrove changes in the Jiulongjiang Estuary. A-I: Temporal and spatial dynamics of mangrove changes in different

periods from 1986 to 2023.

detailed investigation of the primary drivers of mangrove dynamics.
These naturally restored mangrove areas generally exhibit an S-shaped
growth curve typical of natural development (Fig. 10); however, they
also did not show a significant delayed response to runoff sediment
supply, and extreme weather events between 2006 and 2010 caused
deviations from the expected trajectory. The average proportion of
naturally restored mangroves is 34 %. Although the total mangrove area
has continuously increased, this proportion declined from 30 % in
1986-28 % in 2023, showing that human interventions have been the
primary driver of mangrove growth in the study area, with planted
mangroves concentrated at the tidal limits (Fig. 4), highlighting the
ecological importance of these zones. Natural sedimentation at the tidal
limits provides stable substrates that support mangrove establishment
and expansion. From a management perspective, harnessing this process
can reduce reliance on costly interventions and guide restoration efforts.
In addition, prioritizing tidal limit areas enables effective monitoring of
ecosystem health and enhances coastal resilience to sea-level rise and
extreme weather events.
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4.4. Uncertainty analysis

This study employed the CCDC method combined with remote
sensing imagery to examine the long-term trends and spatiotemporal
dynamics of mangroves in the Jiulongjiang Estuary. Although the
method is robust, several uncertainties remain, particularly those
related to data sources and potential errors during processing. A key
limitation is the 30 m spatial resolution of Landsat imagery, which may
result in pixel-level errors approaching one square kilometer. Never-
theless, the CCDC approach alleviates this issue by utilizing long-term
time series imagery for classification, thereby incorporating the tem-
poral stability of individual pixels rather than relying on single-scene
observations that are more prone to random errors. To assess model
performance, we applied the Error Matrix Method (Foody, 2002) with
independent validation datasets. Overall accuracy and the Kappa coef-
ficient, both ranging from O to 1, were used to quantify the agreement
between classification results and reference data. Values above 0.8 are
generally considered reliable, whereas those below 0.4 indicate poor
accuracy (Foody, 2010). In this study, the annual overall accuracy and
Kappa coefficient consistently exceeded 0.90 (Table 2), confirming the
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high reliability and robustness of the classification outcomes.

Another source of uncertainty relates to the detectability of planted
mangrove seedlings in Landsat imagery. Newly planted seedlings usu-
ally require a growth period before reaching a canopy size that can be
distinguished at a 30 m spatial resolution, leading to a potential time lag
in their appearance in the classification results. However, given that
mangrove restoration efforts have been conducted continuously over the
years in the study area and that this study focuses on long-term trends
rather than short-term fluctuations, the influence of this delayed visi-
bility on the overall results is considered limited.

In this study, wave data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) with relatively high spatial and
temporal resolution (e.g., hourly) were employed. While the dataset
generally provide reliable insights, they may exhibit systematic biases
under anomalous climatic events or extreme environmental conditions,
potentially influencing conclusions regarding hydrodynamic impacts on
mangrove dynamics. Overall, despite the robust analysis presented for
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the Jiulongjiang Estuary, several uncertainties should be acknowledged,
including those related to data resolution, temporal gaps, potential
biases in wave and current datasets, and classification procedures. These
factors highlight the need for cautious interpretation of the results and
underscore the importance of continued methodological refinement.

5. Conclusions

Mangrove forests in Fujian Province, representing one of the north-
ernmost natural mangrove distributions in China, are mainly concen-
trated in the tide-dominated Jiulongjiang Estuary. This study provides a
comprehensive spatiotemporal assessment of mangrove dynamics from
1986 to 2023, revealing both natural and anthropogenic drivers shaping
their evolution. The main conclusions are as follows:

1. The mangrove area in the Jiulongjiang Estuary expanded contin-
uously from 1986 to 2023 at an average rate of 7.43 ha/yr, with
consistent trends across the three subregions. Early expansion occurred
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mainly in estuarine bays, characterized by reduced patch density (PD)
and increased COHESION. After 2010, mangroves expanded along
estuarine channels, reversing these spatial patterns.

2. Artificial planting and tidal hydrodynamics jointly dominated
mangrove expansion. Most planted mangroves were distributed near the
tidal limit, where tidal currents enhance sediment redistribution and
deposition, providing favorable conditions for colonization. Temporary
stagnation from 2006 to 2010 was largely associated with typhoon
disturbances, while engineering activities caused localized degradation.
Sea-level rise and wave action exerted limited influence on mangrove
expansion.

3. Restoration efforts should prioritize the tidal limit zone, where
harnessing natural sedimentation processes can promote sustainable
mangrove growth, reduce engineering costs, and minimize potential
ecological conflicts such as land reclamation.
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