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ABSTRACT

While global mangrove forests have suffered significant loss, raising widespread concern, little information is
available on how mangrove forests have changed along Africa’s coast. This study employed multi-temporal
remote sensing data and machine learning techniques between 1988 and 2023 to assess the spatiotemporal
changes in mangrove forests cover across the Niger Delta, Africa’s largest delta. This results indicated a
decreasing trend in mangrove area within the Niger Delta, with a total loss of 2536 km? over the past 38 years,
leaving 7058 km? by 2023. The mangrove forests have become increasingly interiorly fragmented while
retreating landward at an average rate of 13.58 m per year. Spatially, mangrove distribution remains concen-
trated in estuarine extensions, with most retreat occurring at mangrove edges. The intensification of oil spills and
urban expansion likely contribute to the internal degradation within the Niger Delta’s mangrove forests, of which
54.27 % of the mangrove loss may have been caused by oil spills. Meanwhile, high-energy waves are the primary
driver of edge erosion, and variations in wave energy result in a gradual slowdown of the landward retreat of
mangrove boundaries-from the central Arcuate Niger Delta toward its flanking regions. Furthermore, increased
sediment discharge from river into coastal waters enhances mangrove expansion in estuarine zones, and
accelerating sea-level rise presents a growing threat to mangrove sustainability. The findings provide critical
insights into the drivers of mangrove gain and loss, offering actionable guidance for optimizing global mangrove
conservation and restoration strategies.

1. Introduction

and human societies (Duke et al., 2007).
Some studies indicated that mangrove forest ecosystems are

Mangrove forests are salt-tolerant plant communities, mainly
distributed along tropical and subtropical coastlines, forming unique
forest ecosystems (Hamilton, 2020; Tomlinson, 2016). They not only
possess excellent primary productivity, providing indispensable habitats
for a variety of species, but also make significant contributions to human
societies by offering critical goods and services (Clough, 1992; Lee et al.,
2014). Despite the undeniable importance of mangrove forests, they
remain one of the most threatened ecosystems on the planet. Over the
past fifty years, the global mangrove forest area has diminished by 30
%-50 % due to human activities (Food and Agriculture Organization of
the United Nations, 2007). If this reduction trend continues, the
ecosystem provided by mangrove forests could completely disappear
within the next 100 years, causing irreversible damage to biodiversity

currently facing unprecedented challenges from human activities (Eddy
et al., 2021; Thomas et al., 2017). From 2000 to 2016, the total area of
mangrove forests worldwide decreased by 3363 km? (Hagger et al.,
2022). This loss is particularly significant in countries like Indonesia,
Thailand, Vietnam, and Brazil. Indonesia, which has the largest reserves
of mangrove forests globally, has experienced about a 30 % reduction
due to human impact over the past decades (Arifanti et al., 2022). In
Thailand’s southern regions, extensive clearing of mangrove forests for
shrimp farming has resulted in a loss of nearly 50 % of these critical
habitats, severely impacting biodiversity (Thampanya et al., 2006).
Vietnam has been founded a 38 % reduction in mangrove forest areas,
largely due to the historical use of defoliants during the Vietnam War
and subsequent conversion to aquaculture and coastal development
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(Veettil et al., 2019). From 1990 to 2000, the Guangdong-Hong Kong--
Macau Greater Bay Area saw a significant reduction in mangrove forest
areas due to aquaculture and urban development. However, between
2000 and 2018, mangrove forest recovery in the region increased from
37.5 % of their 1990 levels to over 80 %, thanks to improved conser-
vation efforts (Ling et al., 2024). This highlights the varying global ef-
forts in mangrove forests conservation and restoration (Wang et al.,
2021).

The survival and development of mangrove forests are also pro-
foundly affected by their physical environment, particularly the dy-
namics of waves and tidal currents (Bryan et al., 2017; Cannon et al.,
2020). Specifically, tidal currents can transport sediment resuspended
by wave action and preferentially deposit it along the mangrove forest’s
seaward fringe (Furukawa and Wolanski, 1996; Vo Luong and Massel,
2006; Wolanski et al., 2006). Therefore, the elevation of the tidal flat at
the mangrove edge can be raised, creating suitable environmental con-
ditions for seedling establishment and facilitating the forest’s seaward
expansion (Alongi, 2009; Balke et al., 2011; Furukawa et al., 1997;
Furukawa and Wolanski, 1996; MacKenzie et al., 2016; Woodroffe et al.,
2016a,b). However, the efficacy of this process depends on the intensity
and spatial pattern of the tidal currents (Horstman et al., 2015). Love-
lock et al.’s (2015) research findings show that in a low-energy tidal
currents environment, currents redistribute little sediment and therefore
have only a minor effect on mangrove erosion and deposition. Moreover,
when mangrove forest areas are frequently subjected to strong wave
impacts, it can lead to severe erosion of tidal flats (Pilato, 2019;
Sanchez-Ntnez et al., 2019a,b), which leads to exposure of the roots and
the landward retreat of mangrove forests (Alongi, 2009; Vo Luong and
Massel, 2006). However, in high wave energy environments, large
amounts of wave-driven marine sediments may accumulate on the
coastline, forming barriers that avoid mangroves directly subjected to
wave action (Hu et al., 2015; Sanchez-Ntunez et al., 2019a,b; Van Santen
et al., 2007). Thus, barriers can well prevent the mangroves from further
retreat to the land (Long et al., 2021; Xiong et al., 2024). Therefore, the
hydrodynamic characteristics influence the growth and distribution
patterns of mangrove forests (Ball, 1988; Berger et al., 2008).

Meanwhile, the rise in sea levels caused by global warming presents
a persistent risk of submersion for mangrove forests (Cazenave and
Cozannet, 2014; Woodroffe et al., 2016b). This situation also leads to
increased salinity in coastal soils, loss of sediments, and reduced sta-
bility of mangrove root systems, making them more susceptible to
erosion and damage (Bennion et al., 2024; Carruthers et al., 2024;
Dittmann et al., 2022). In addition to the impacts of the rise in sea levels,
mangrove forests are highly susceptible to external forces, particularly
under the sustained pressure of human disturbances and the severe
impacts of global climate change, becoming increasingly fragmented
(Hagger et al., 2022; Shirmohammadi et al., 2024). With the rapid
advancement of urbanization and industrialization, substantial amounts
of sewage and industrial wastewater are discharged into coastal and
estuarine areas (Tuholske et al., 2021). The transportation of these
wastewaters along coastlines, combined with oil spills, has led to a rapid
decline in mangrove forest populations (Lotfinasabasl et al., 2013). Oil
spills, in particular, result in long-term disappearance of mangrove
forests, with significant impacts observed in Brazil, Australia, and the
Bay of Bengal (Jaman, 2023; Lassalle et al., 2023). The effects of oil on
mangrove forest ecosystems are predominantly negative, manifesting as
physical smothering, chemical toxicity, and reduced biodiversity. For
areas affected by oil pollution, effective restoration of mangrove forest
habitats can be achieved through hydrological restoration and the
planting of mixed-species seedlings (Santos et al., 2024).

Coastal urban expansion often involves land reclamation, trans-
forming mangrove forests areas into useable land, which directly leads
to the disappearance of mangrove forests (Tuholske et al., 2017;
Wanzhen and Majid, 2024). The increase in industrial activities brought
about by urban expansion results in the emission of a large amount of
pollutants, including heavy metals, chemical waste, and domestic
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sewage. These pollutants enter mangrove forests areas, causing soil and
water contamination and endangering the health of the mangrove for-
ests (Shwetakshi, 2023; Wu et al., 2024). Furthermore, urban expansion
leads to the fragmentation of mangrove forest habitats, decreasing the
connectivity between mangrove forests and other natural ecosystems.
This fragmentation results in reduced biodiversity and the degradation
of ecological functions (Stiepani et al., 2021).

Against this global backdrop, some studies have focused on the dy-
namic changes of mangrove forests in the Niger Delta (Nababa et al.,
2020a,b; Nwobi et al., 2020; O’Farrell et al., 2025). For example, James
et al. (2007a,b)observed a notable landward retreat of the seaward
mangrove edges, highlighting the loss of mangrove forests. Further,
Nababa et al. (2020) used multi-epoch Landsat spectral-temporal met-
rics plus L-band SAR to generate high-accuracy land-cover maps for
1988, 2000 and 2013, then applied change-intensity and fragmentation
metrics to quantify where the rate and extent of mangrove loss and
degradation in the Niger Delta. Kuta et al. (2025) analysed
Landsat-derived NDVI time series at spill versus control sites, statisti-
cally linking spill volume and exposure time to sustained declines in
mangrove canopy health across the delta. O’Farrell et al. (2025)
developed an Al workflow that combines Sentinel-1 SAR and machine
learning to track oil-spill-driven mangrove die-off in Rivers State.

While earlier work in the Niger Delta has provided important maps of
mangrove extent, comparatively few studies have paired those remote-
sensing products with hydrodynamic processes and human activities
together to explore the processes influencing mangrove dynamics
(James et al., 2007a,b; Numbere, 2018). Therefore, the research on
temporal and spatial changes of mangrove forests in the Niger Delta and
their causes has been insufficient in comparisons with those of the
world. With the improvement of supervised classification algorithm and
the progress of remote sensing technology, this study adopts the inte-
grated method of machine learning and remote sensing images. The
aims of this study to (1) map dynamics of mangrove forests cover in the
Niger Delta; (2) investigate the gain and loss in the mangrove forests; (3)
identify the main driving factors influencing mangrove forests changes
in the Niger Delta.

2. Materials and methods
2.1. Study area

The Niger Delta is a significant geographical and ecological region in
western Africa, the largest delta of Africa, covering approximately
70,000 km? across several states including Ondo, Edo, Delta, Bayelsa,
Rivers, Imo, Abia, Akwa Ibom, and Cross River (Izah, 2018) (Fig. 1A).
The geographic profile of the region is arcuate with a convex outer edge
facing the Atlantic Ocean, and 21 estuaries spread along its span (Sexton
and Murday, 1994) (Fig. 6A). The Niger River flows into the northern
part of the delta, bringing abundant freshwater resources to the area and
forming a broad intertidal zone (Fig. 1B). Wave dynamics in the Niger
Delta predominantly originate from the southwest, with wave heights
generally ranging from 1.5 to 2 m (Dada et al., 2016). The area is
influenced by semi-diurnal tides with a tidal range of 1.8 m, contributing
to the complexity of tidal and wave dynamics (James et al., 2007b).
Moreover, the delta is a globally significant oil-producing region,
ranking as the sixth largest oil-producing country and the twentieth
largest oil field in the world, with oil exploration having a significant
impact on the local environment (Effiong and Ubi, 2012). Mangrove
forests in the Niger Delta are mainly located in the intertidal zones
behind beach ridges, covering an area of nearly 9000 km?. Influenced by
the riverine gentle slopes, the vegetation transitions from freshwater to
salt-tolerant species, with saltwater intrusion from the river providing
ideal growing conditions for halophytic plants (Abam, 1999). This has
made the Niger Delta the fifth-largest mangrove forests region in the
world, with its mangrove forests cover accounting for about 5 % of the
global mangrove forests (I. I. Nababa et al., 2020). Generally, the Niger
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Fig. 1. Study area. (A) Location of the Niger Delta. (B) Detailed elevation map of the Niger Delta. (The base map originates from the Shuttle Radar Topography

Mission’s digital elevation data, https://www.gebco.net/).

Delta can be divided into three areas based on coastal distribution pat-
terns: the Western Niger Delta, the Arcuate Niger Delta, and the Eastern
Niger Delta (Dada et al., 2016) (Fig. 1B).

2.2. Materials

Using Google Earth Engine (GEE) (https://code.earthengine.google.
com) from the image data, mainly from 1986 to 2023 all available cloud
coverage less than 50 % of the time series Landsat images, it is classified
by Random Forest algorithm and further adjusted in ArcGIS to ensure
accuracy. The validation set combines data from Global Mangrove
Watch Datasets (https://www.globalmangrovewatch.org/) with precise
landmarks from Google Earth Pro, increasing the confidence of the data.
The interannual spatial distribution map of mangrove forests was
drawn. Landsat data sets include: LANDSAT/LT04/C01/T1_SR, LAND-
SAT/LT05/C01/T1_SR, LANDSAT/LE07/C01/T1_SR, LANDSAT/LC08/
C01/T1_SR, and LANDSAT/LC08/C02/T1_L2. In the Niger Delta region

of West Africa, there was a notable scarcity of early image data,
particularly affecting the period from 1986 to 2012 (I. [. Nababa et al.,
2020) (Fig. 2B). To address this, the study aggregated images over
several years to facilitate geomorphic classification. Specifically, images
from 1986 to 1988 were combined into a single composite scene.
However, due to insufficient data from 1989 to 1998, it was difficult to
create composites for this period. For subsequent years, composites were
created for the periods 1999 to 2001, 2002 to 2006, 2007 to 2009, and
2010 to 2012. This approach enabled a relatively continuous and
consistent analysis of geomorphological changes in the Niger Delta
despite incomplete data.

Moreover, sea level data from 1993 to 2022, along with wave direc-
tion and wave height information for the study area, were obtained from
the European Centre for Medium-Range Weather Forecasts (ECMWF)
(https://cds.climate.copernicus.eu/cdsapp#!/home) (Figs. 11 and 7).
Suspended sediment discharge was calculated from Landsat-derived sus-
pended-sediment concentration products published by Dethier et al.

Fig. 2. Satellite imagery overview. (A) Satellite images location for delineating the bare beach edge. (B) The total number of satellite images.
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(2022, 2020)(https://zenodo.org/records/7808492) (Fig. 6A). Oil Spills
data were sourced from the Nigerian Oil Spill Monitor (https://oilspillmo
nitor.ng/) (Fig. 8).

2.3. Methods

2.3.1. Computation of spectral indices

Different landforms exhibit unique spectral characteristics, necessi-
tating the identification of specific spectral properties (Montero et al.,
2023; Williams et al., 2020). Surface reflectances across blue, green, red,
near-infrared, and shortwave infrared bands were selected for analysis.
Four spectral indices were calculated for each image on the GEE plat-
form. These indices include the Normalized Difference Vegetation Index
(NDVI) and the Enhanced Vegetation Index (EVI) (Ambrosini et al.,
2014; Wardlow et al., 2007), which are critical for distinguishing
vegetation from soil and water, enhancing the extraction of vegetation
information and feature recognition. Additionally, the Modified
Normalized Difference Water Index (NDWI) effectively identifies water
bodies (Gao, 1996). The Mangrove Vegetation Index (MVI) is used to
differentiate mangroves from non-mangrove vegetation and other
non-vegetative covers such as bare soil, water, and buildings (Baloloy
et al., 2020). These indices provide a robust framework for analyzing
spectral data and understanding the geomorphological characteristics of
the studied area. The formulas for calculating four spectral indices are as
follows:

NDVI:/)NIR ~ Pred (l)
PNIR T+ Pred
EVI=25 PNIR — Pred )

PR+ 6Prea — 7-5ppiye + 1

NDWI = PGreen — PNIR (3)
PNIR + PGreen

_ PNIR — pgreen

MVI (€]

Pswirl — Pgreen

where pyirs Preds Phives Pareen A0 psyir1 Tepresent the pixel values of the
near-infrared, red, blue, green, and shortwave infrared one infrared
bands of the Landsat images, respectively.

2.3.2. Machine learning method

Machine learning is now widely used in mangrove forests research
(Deng et al., 2019; Fan et al., 2023; Ghosh et al., 2020; Hu et al., 2021;
Pham and Brabyn, 2017; Wang et al., 2018; Xiong et al., 2024; Zhang
et al., 2022). The Random Forest algorithm, a supervised machine
learning method composed of multiple decision trees (Breiman, 2001),
has been extensively applied in remote sensing, including biomass
change detection and species identification (Sahana et al., 2022).
Applying the random forest method to identify mangrove forests using
the Google Earth Engine (GEE) platform is a method that integrates
advanced remote sensing technology with a robust machine learning
method to analyze and process large volumes of geospatial data (Fan
et al., 2023; Jia et al., 2023; Wang et al., 2022; Xiao et al., 2024). In this
context, the random forest method can examine multi-temporal,
multi-band remote sensing image data acquired from GEE to accu-
rately identify and monitor the distribution and changes in landforms
(Teluguntla et al., 2018). In this scenario, the random forest method
classifies the landforms into five categories: farmland, tidal flats, urban
areas, water, and mangrove forests. Approximately 80 % of the samples
are used for training (training set), while the remaining 20 % are used
for validation (test set), this split is essential to assess the model’s per-
formance on new data and to prevent overfitting.

2.3.3. Digital Shoreline Analysis System (DSAS)
Digital Shoreline Analysis System (DSAS) is an ArcGIS plugin that
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provides automated methods for quantifying historical shoreline
changes (Nassar et al., 2019). Within this framework, DSAS was utilized
to calculate the variations in the edges of bare beach and mangrove
forest edges across three regions at the same tidal level, thereby illus-
trating the lateral evolution of both environments under consistent tidal
conditions. Specifically, the bare beach edge line at the same tidal level
in 1986, 2001, 2006, 2011, 2016 and 2021 and the mangrove forests
edge line in 1986, 2000, 2004, 2008, 2013, 2018 and 2023 were digi-
tized, and the Linear Regression Rate (LRR) was calculated by DSAS to
quantify the annual average edges change. The bare beach edges were
depicted from five images selected based on consistent tidal levels pre-
dicted by tidal models (Table 1, Fig. 2A). Analyzing images based on the
same tidal level effectively avoids inaccuracies in the results due to tidal
coverage of the bare beach. The LRR calculates the slope of the least
squares regression line that is fitted along the spline to all coastal points
(Farris et al., 2023). This method is used to analyze the long-term
changes of mangrove forests edges from 1986 to 2023, with a focus on
minimizing short-term variations and potential random errors (Wang
et al., 2014). Accordingly, a negative rate indicates erosion, where the
coastline moves inland, and a positive rate suggests accretion, where the
coastline advances seaward.

For comparing with sea level rise to determine the possible impacts
of mangrove forests, the formula for calculating the average vertical
sediment accumulation (AVSA) rate is as follows:

AVSA = Vtang (5)

where V is the average accretion rate of shorelines, and 6 is the average
slope in the Niger obtained from Dada et al. (2015), the average slope is
0.02 in Eastern Niger Delta and Western Niger Delta, and 0.05 in Arcuate
Niger Delta.

2.4. Accuracy assessment

Machine learning outcomes are influenced by the resolution of
remote sensing images and data processing methods, making error
analysis essential for ensuring accurate research results (Heale and
Twycross, 2015). For this purpose, we efficiently and accurately iden-
tified and classified mangrove forests in the target area using the Google
Earth Engine (GEE) platform. In order to verify the accuracy of the
classification results, we further used the survey data on Google Earth
Pro (https://www.google.com/earth/about/versions/) and the Global
Mangrove Watch (https://www.globalmangrovewatch.org/country/
NGA) as the verification criteria, and used the confusion matrix to
comprehensively evaluate the classification results (Comber et al.,
2012). By calculating key performance metrics such as overall accuracy,
user accuracy, producer accuracy, and the Kappa coefficient (Yao et al.,
2022), which can ensure the high accuracy of the classification results.

3. Results
3.1. Variations in mangrove forest area
It can be found that from 1986 to 2023, the mangrove forests area in

the Niger Delta presented a spiral decline, decreasing from an initial
9594 km? to 7058 km?, a total loss of 2536 km?, which represents 26.4

Table 1
Tidal levels of the images used to delineate bare beach edges.

Tide level (m) Year

1986 2001 2006 2011 2016 2021

Image number I —0.75 -0.77 —0.75 —0.95 —0.92 —0.66
I —0.88 —0.72 —0.95 —0.72 —0.86 —0.88
I —0.84 -0.76 —0.99 -0.91 —0.93 —0.81
v —0.43 —0.83 —0.98 —0.89 —0.87 —0.53
A -0.79 -0.79 —0.60 -0.91 —0.89 -0.71
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% of the total mangrove forests area in 1986 (Fig. 3A). Specifically, from
1986 to 2000, mangrove forests coverage decreased by about 1380.7
km?. It then increased by 267.8 km? from 2000 to 2004, but decreased
by 346.7 km? from 2004 to 2008. Between 2008 and 2011, the area fell
again by 209.7 km?, then rose by 518.6 km? from 2011 to 2013, and by
66.3 km? from 2013 to 2014. The coverage dropped sharply by 705.6
km? from 2014 to 2015, but rebounded by 220.6 km? from 2015 to
2016, and by 345 km? from 2016 to 2017. It then fell by 503.2 km? from
2017 to 2018, rose by 481.4 km? from 2018 to 2019, dropped by 557.3
km? from 2019 to 2020, rose by 278.9 km? from 2020 to 2021, and
finally decreased by 673.8 km? from 2021 to 2022 and by 337.4 km?
from 2022 to 2023 (Fig. 3A).

Furtherly, there is an average loss of about 70.4 km?/yr between
1986 and 2023, reflecting the rapid degradation of the mangrove forest
ecosystem (Fig. 3A). Meanwhile, the variation patterns vary across
different areas (Fig. 3B, C, and 3D). Between 1986 and 2023, in the
Eastern Niger Delta, mangrove forests area decreased from an initial
529 km?-218 km? (Fig. 3B), the Arcuate Niger Delta was founded a
reduction from 5973 km? to about 4597 km? (Fig. 3C), and the Western
Niger Delta decreased from 3091 km? to approximately 2244 km?
(Fig. 3D). Clearly, the Eastern Niger Delta experienced the fastest rate of
decrease, followed by the Arcuate Niger Delta, with the Western Niger
Delta showing a relatively slower rate.

3.2. Changes in mangrove forest edges

Mangrove forest edges have retreated by 489.06 m from 1986 to
2023, while the bare beach edges have advanced by 6.12 m of the
observed period (Fig. 4). Specifically, in the Western Niger Delta,
mangrove forest edges have retreated by 198.36 m, while the bare beach
edge has advanced by 81.72 m. However, in the Arcuate Niger Delta,
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mangrove forest edges and bare beach edges presented landward
recession of about 717.06 m and 0.25 m, respectively. Similarly, in the
Eastern Niger Delta, mangrove forest edges retreated 182.40 m and the
bare beach edges retreated 8.28 m, respectively (Fig. 4A and B). From
the erosion and accretion percentage of the bare beach edges samples,
the accretion percentage decreased gradually from the Western Niger
Delta to the Eastern Niger Delta, from 60.1 % to 41.9 % (Fig. 4D). In
terms of erosion and accretion percentage of mangrove forest line
samples, the number of erosion samples was greater than the number of
accretion samples, which also showed that the accretion percentage
decreased gradually from the Western Niger Delta to the Eastern Niger
Delta, from 38.3 % to 19.5 % (Fig. 4C).

3.3. Gain and loss of the mangrove forest area

Over the past 38 years, the total area of mangrove forest across three
regions has decreased by 3282.8 km?2. The Arcuate Niger Delta experi-
enced the most severe reduction, losing 1727.7 km? of mangrove forest
cover (Fig. 5G). Although the overall trend indicates a decrease in
mangrove forest coverage, there was also a concurrent increase of 746.9
km? in the mangrove forest area of the Niger Delta during the same
period (Fig. 5H), mainly gain in the estuary area and the Western Niger
Delta, partially offsetting the overall loss. The change in mangrove forest
area shows clear cyclical fluctuations, from 1986 to 2023, there was a
pattern of loss and gain, specifically. From 1986 to 2000, despite an
increase of 754 km? in mangrove area, the net loss was 1380.8 km?,
resulting in a net decline of 626.8 km? across all three regions, with
significant retreats along the mangrove forest edges (Fig. 5A). From
2000 to 2004, particularly in the Western Niger Delta and the Arcuate
Niger Delta, there was a recovery of mangrove forest, notably in the
western of Arcuate Niger Delta (Fig. 5B). Between 2004 and 2008, the

Fig. 3. Temporal variation of mangrove forests area in the Niger Delta. (A) Temporal variation of total mangrove forests area and spirals down (B) Western Niger

Delta. (C) Arcuate Niger Delta. (D) Eastern Niger Delta.
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Fig. 4. Accretion and erosion of bare beach edges (1986-2021) and mangrove forest edges (1986-2023) in the Niger Delta. (A) Accretion and erosion of mangrove
forest edges. (B) Accretion and erosion of bare beach edges. (C) LRR analysis for mangrove forest edges, with orange representing the mean values. (D) LRR analysis
for bare beach edges, with orange indicating the mean values. In (C) and (D), pie charts represent accretion and erosion numbers as a percentage of the respective
regional sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

mangrove forest area in the Eastern Niger Delta significantly increased,
however, the overall trend during this period continued to be a decline
(Fig. 5C). Between 2008 and 2013, mangrove forest recovered in the
Arcuate Niger Delta and Western Niger Delta (Fig. 5D). From 2013 to
2018, the Arcuate Niger Delta exhibited a trend of alternating loss
(Fig. 5E). Finally, from 2018 to 2023, despite severe loss in the Arcuate
Niger Delta and Western Niger Delta (Fig. 5F). In summary, a compre-
hensive analysis of the gain and loss of mangrove forest reveals the
spatial distribution of mangrove forest showed landward retreat and
intensified fragmentation (Fig. 5G).

4. Discussion
4.1. Impacts of the suspended sediment discharge from upstream

The increased upstream Suspended Sediment Discharge (SSD) has
complex implications for coastal accretion and the mangrove forest
ecosystem (Liu et al., 2023). As one of the largest sedimentary envi-
ronments globally, the Niger Delta’s arc-shaped coastline is primarily
maintained by an abundant input of sediments (George et al., 2019).
Between 1986 and 2020, SSD from upstream surged from 1366.6 million
tons/yr to 3446.9 million tons/yr, a 2.5-fold increase (Fig. 6B). The
significant rise in river sedimentation is primarily concentrated in the
Western Niger Delta and Arcuate Niger Delta, where 21 estuaries
converge (Dada et al., 2018) (Fig. 6A). Consequently, these areas
exhibited a trend of mangrove forest seaward accretion over 38 years
(Fig. 4A), with the mangrove forest edges in the Western Niger Delta
advancing by 483.0 m, in the Arcuate Niger Delta by 402.0 m, and in the
Eastern Niger Delta by 303.6 m over the same period, the trend of
mangrove forest spreading to the sea in the Western Niger Delta is
obviously higher than that in the Eastern Niger Delta and Arcuate Niger
Delta (Fig. 4A and B). Furtherly, these seaward expanded area were
mainly located in those of the estuarine locations in Western Niger Delta
and Arcuate Niger Delta, which can obtain enough sediment amounts

from upstream (Fig. 5), while coastal zone without riverine sediment
supplied presented erosion (Fig. 4A and B). In summary, the expansion
of mangrove forest over the Niger delta can be partially attributed to the
increased SSD from upstream.

4.2. Impacts of wave and tidal forcings

The Niger Delta, located in an environment free of cyclones and
storms, is predominantly influenced by tidal currents and waves (Almar
et al., 2015). The region experiences consistently high wave energy,
with an average significant wave height of 1.36 m and a period of 9.6 s
(Dada et al., 2018). The wave intensity in the Niger Delta increases from
Western to Eastern Niger Delta and then decreases, with the greatest
impact observed in the Arcuate Niger Delta, followed by the Eastern
Niger Delta and Western Niger Delta (Fig. 7C-E). To better understand
the relationship between wave action and mangrove forest edges
erosion, a correlation analysis was conducted using mangrove erosion or
expansion rate data of 10 sections covering the eastern and western
deltas, analyzing the relationship between average wave height and
mangrove forest erosion in these areas, revealing obvious correlation
between the two, the significance level was below 0.05 (Fig. 7F), sug-
gesting that wave action likely controls the retreat of the mangrove
forest edges. It is important to note that the wave in Arcuate Niger Delta
is strong and has a higher impact on coastal erosion than the Eastern
Niger Delta, but the Niger River’s sediment in Arcuate Niger Delta
replenishment alleviates the wave’s coastal erosion to a certain extent,
which is why the percentage of mangrove forest edges retreat is
increasing from Western Niger Delta to Eastern Niger Delta (Fig. 4C).
Consequently, variations in wave intensity lead to varying degrees of
mangrove forest retreat: the stronger the waves, the more severe the
retreat.

Meanwhile, tidal currents exhibit an increasing trend from Western
Niger Delta to Eastern Niger Delta, with nearshore currents showing a
dispersal pattern from the Arcuate Niger Delta towards both the Eastern
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Fig. 5. Gain and loss of mangrove forest area in the Niger Delta. (A-G) Spatial distribution of mangrove forests during 1986-2023. (H) loss and gain areas of the

seven periods.

Niger Delta and Western Niger Delta; in offshore areas, the flow of
currents is predominantly from Western Niger Delta to Eastern Niger
Delta (Fig. 7B). The tidal range in the region increases from 1.4 m in the
Western Niger Delta to 2.0 m in the Eastern Niger Delta, indicating total
weak tidal influences in the Western Niger Delta compared to the
Eastern Niger Delta (Stutz and Pilkey, 2002). In briefly, the regional
weak tidal range and the dispersal pattern of tidal current had no sig-
nificant effect on the erosion and deposition of mangrove forest along
the Niger River Delta coast, although tidal currents can also lift
mangrove growth by carring sediment transport into the deposit of 900,
000 tons/yr of tidal sediment provides important living space for man-
groves, thus easing the erosion of mangrove edges (Dada et al., 2018).
Additionally, barrier islands are extensively developed in Niger
Delta, stretching for more than 300 km along the coast. These barriers
average 16 km in length and 3.3 km in width, formed by high-energy
wave conditions and tides (George et al., 2019; Stutz and Pilkey,
2002) (Fig. 7A). The presence of estuarine beach ridges and barriers
plays a some role in protecting mangrove forest from the impacts of
strong waves and tidal energies, providing a favorable environment for

their growth (Long et al., 2021), and shielding the interior mangroves on
barrier islands from wave erosion (Fig. 7A).

4.3. Impacts of anthropogenic activities

Human activities significantly impact mangrove forest loss (Chang
et al., 2022; Chen et al., 2020), with oil pollution posing a severe threat
to mangrove ecosystems (Lassalle et al., 2023; Onyena and Sam, 2020).
The Niger Delta, which possesses Africa’s largest oil reserves (Linden
and Palsson, 2013), frequently suffers oil spills due to outdated extrac-
tion techniques and oil theft (Iwegbue et al., 2021) (Fig. 9A-C). Data
indicate that from 2006 to 2023, a total of 8,546,250 barrels of oil were
spilled, primarily in the Arcuate Niger Delta and Western Niger Delta
mangrove forest regions (Fig. 8A-D). Notably, a single spill event can
result in the loss of 836 ha of mangrove forest (Raji and Abejide, 2013).
Mangrove forests, sensitive to oil pollution, have suffered extensive
damage, leading to a decrease in cover in affected areas (Fig. 8E). The
impact of oil spills on mangrove forest ecosystems is multifaceted. First,
oil spills are not merely one-off events; their effects on ecosystems are
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Fig. 6. The location where upstream SSD feeds into the Atlantic Ocean. (A) SSD data sampling location and 21 estuaries. (B) Temporal trends in SSD from 1985 to

2020. (https://zenodo.org/records/7808492).

Fig. 7. The characteristics of wave and tidal forcings. (A) Wave current directions and beach ridge positions across the Western, Arcuate, and Eastern Niger Delta,
with indicated wave data sampling points and erosion profiles. (B) Visualization of tidal current speeds. (C, D, E) Wave characteristics at locations a, b, and c. (F)
Correlation between sediment yield rate and average wave height, showing a negative relationship.

long-term and persistent (Saunders et al., 2022). Oil spills can suffocate
mangrove forest pneumatophores and root systems, alter soil properties,
release toxic heavy metals, degrade ecosystems, and reduce biodiversity
(Essien and Antai, 2009; John and Okpokwasili, 2012; Nwankwo, 2000;
Onyena and Sam, 2020) (Fig. 9D-F). Up to now, mangrove forest loss
due to oil spills increased from 13.3 % (2006-2008) to 45.28 %
(2018-2023), Overall, oil spills accounted for 54.27 % of mangrove
forest loss during this period (Fig. 8F), indicating that oil spills have
become one of the primary drivers of mangrove forests decline in the
Niger Delta, this also means that the mangrove forests in the whole

region are still decreasing due to the oil spills (Fig. 8E).

Moreover, urban expansion poses a significant threat to mangrove
forests. The acceleration of urbanization is typically accompanied by
infrastructure development, land reclamation, and population growth,
directly encroaching on mangrove habitats and causing their area to
decline sharply (Moschetto et al., 2021). Urban expansion not only oc-
cupies significant mangrove areas but also exacerbates ecological
degradation by altering hydrological conditions, increasing pollutant
discharge, and disrupting habitats (Mosquera et al., 2023) (Fig. 10A and
B). Correlation analysis shows that a significant negative correlation
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Fig. 8. Oil spills. (A-D) Interannual distribution of oil spills from 2006 to 2023, categorized by source and showing the oil spill volume in barrels for each period. (E)
Combined map illustrating oil spill locations and the corresponding mangrove forest gain and loss areas during 2006-2023. (F) Percentage of total mangrove forests
loss attributed to oil spills across different time intervals. (modified according to Nigerian Oil Spill Monitor, https://oilspillmonitor.ng/).

exists between urban expansion and mangrove coverage, with the sig-
nificance level was below 0.05, demonstrating a strong correlation
(Fig. 10C). This strong negative correlation suggests that as urban areas
continue to expand, mangrove forest coverage consistently declines
(Nababa, 2022). The dual pressures of oil spills and urban expansion
underscore the detrimental impact of human activities on mangrove
forest ecosystems. The frequent oil spills and rapid urbanization in the
Niger Delta have collectively led to long-term environmental degrada-
tion and substantial mangrove forest loss (Zabbey et al., 2017).

4.4. Impacts of sea level rise

There is no doubt that sea-level rise caused by global warming has
become a problem that cannot be ignored (Xu et al., 2022), and sea-level
rise is also a widespread phenomenon in the Niger Delta, with an

average rate of rise of 2.81 mm/yr (Daramola et al., 2022) (Fig. 11). Asa
result of significant sea level rise, mangrove forests in most parts of the
world are being forced to migrate inland (Gilman et al., 2007; Liang,
2023; Mafi-Gholami et al., 2020). However, the vertical sedimentation
rates, estimated based on the average beach slope, significantly exceed
the rate of sea level rise: 72 mm/yr in the Eastern Niger Delta, 256
mm/yr in the Arcuate Niger Delta, and 90 mm/yr in the Western Niger
Delta. Vertical sediment deposition rates significantly exceed sea level
rise rates, so sea level rise could have a negligible effect on mangrove
forests loss.

5. Conclusions

The mangrove forests in the Niger Delta hold significant importance
as the largest mangrove forest in Africa. The dynamics of mangrove
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Fig. 9. Consequences of oil spills in the Niger Delta. (A) Oil theft leading to environmental contamination, NOSDRA. (B) Oil spill cleanup efforts, NOSDRA. (C) Fire
resulting from an oil spill, Nigerian Oil Spill Monitor. (D) Oil covering mangrove forests’ roots, from Aa et al. (2022). (E, F) Vegetation loss caused by oil spills, from
Onyena and Sam (2020). Nigerian Oil Spill Monitor and National Oil Spill Detection and Response Agency (NOSDRA) websites (https://oilspillmonitor.ng/, htt
ps://nosdra.gov.ng/).

Fig. 10. The expansion of urban areas and its impact on mangrove forest habitats. (A) Spatio-temporal variation of urban areas and mangrove forests in the Niger
Delta. (B) Temporal variation in the extent of urban areas in the Niger Delta from 1986 to 2023. (C) Correlation between urban area expansion and the decline in
mangrove forest area.

forests in the Niger Delta exhibit considerable variations, and this study (1) Throughout 1988-2023, the total area of the Niger Delta’s
aims to provide a comprehensive assessment of the gain and loss of the mangrove forests decreased by 2536 km?, leaving 7058 km2 by
Niger Delta’s mangrove forests from 1988 to 2023. The major findings of 2023. In addition, the regional trends differed markedly. Among

the study are as follows.
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Fig. 11. The sea level rise and its simple linear regression analysis from 1993 to
2022 (https://cds.climate.copernicus.eu/cdsapp#!/home).

them, the East Niger Delta has the most dramatic decrease, with a
decrease of nearly 58.7 %.

The mangrove forests in the Niger Delta suffered from severe
fragmentation, and the interior of the mangrove forests suffered
from substantial loss. The edges of the mangrove forests moved
landward at a rate of 13.58 m/yr. Notably, the seaward advance
of the mangrove forest edges is observed in the estuary.

Oil spills and urban sprawl occur as the primary causes for the
significant degradation of the interior portions of mangrove for-
ests, of which 54.27 % of the mangrove loss may have been
caused by oil spills. Persistent erosion of mangrove forest edges
may be affected by high-energy waves, and the difference in wave
energy causes different degrees of erosion. By contrast, mangrove
forest expansion in estuarine areas is due to increased river
sediment supply.

(2

@3

—

These findings shed light on the changing dynamics and challenges
faced by the mangrove forests in the Niger Delta. Oil spills, urban
sprawl, and wave action have emerged as the primary drivers of
mangrove forest degradation, and accelerating sea-level rise presents a
growing threat to mangrove sustainability, while the increase in river
sediment plays a crucial role in supporting the expansion and preser-
vation of mangrove forests. Understanding these dynamics is vital for
implementing effective conservation and management strategies to
safeguard the resilience and ecological functions of the Niger Delta’s
mangrove forests.
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