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ARTICLE INFO ABSTRACT

Editor DR B Gyampoh Coastal areas are dynamic environments impacted by both natural and anthropogenic processes.
Hence, it is important to continually and accurately monitor these areas for change and develop

Keywords: coastal management strategies. The present study uses the Digital Shoreline Analysis System

Shoreline

(DSAS) and satellite imagery to assess the changing dynamics of the Durban coastal stretch of the
eThekwini Municipality from 1990 to 2023. Net Shoreline Movement (NSM), End Point Rate
(EPR), and Linear Regression Rate (LRR) were calculated in DSAS to analyse the shoreline
changes. The analysis revealed significant variations in erosion and accretion across the coastline.
The average shoreline movement was 2.49 m in the north and -7.42 m in the south, indicating
predominant erosion in the southern regions. Specifically, 53.85 % of transects in the north and
71.9 % in the south were negative distances, highlighting erosion areas. The EPR analysis indi-
cated an average annual change rate of 0.09 m/year for the north and -0.22 m/year for the south,
with erosion rates averaging -2.05 m/year in the north and -1.21 m/year in the south between
1990 and 2023. The LRR method corroborated these findings with annual changes of -0.01 and
-0.37 m/year, respectively. High erosion rates were concentrated in areas such as Umhlanga
Rocks and Beachwood, while engineered structures contributed to accretion in parts of Durban
North. Conversely, the southern coastline, particularly around Amanzimtoti and Isipingo, expe-
rienced more erosion than accretion due to fewer protective structures. This study highlights the
dynamic nature of shoreline changes along the Durban coast. Understanding these trends is
essential for effective coastal planning and management and building resilience against the
multiple hazards ravaging coastal communities.

Coastline

Climate change

Sea level rise

Digital shoreline analysis systems (dsas)

Introduction

The shoreline defines the dynamic physical interfaces between land and the sea. Over the years, these coastal zones have expe-
rienced tremendous modification in shape and size in response to various physical and anthropogenic processes shaping the shoreline
over time [1]. Shoreline change studies have become a concern for coastal managers and engineers worldwide due to their significant
threat to the ever-rising coastal populations, biodiversity, and infrastructures. Specifically, shoreline change dynamics are often
defined by various erosion and accretion processes that configure the coastline [2]. Scientific research trends in coastline analysis
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indicate that the shoreline constantly changes due to opposing sediment supply and removal mechanisms. Equilibrium is achieved
when these processes are balanced [3-5]. However, research shows that such an equilibrium is never reached due to numerous ir-
regularities in natural and anthropogenic activities operating the coastline [6,7]. Consequently, the shoreline is constantly changing its
morphology and position over different spatial and temporal scales in response to determining processes such as sea level rise, tides,
winds, currents, waves, and land subsidence due to excessive groundwater extraction, among other factors [6,8,9]. In addition,
changes in hydraulic processes such as the river cycle and geomorphic change (e.g., development of spit and dunes), seismic events,
and anthropogenic activities, including land use changes, amplify the rate of shoreline changes over time [10-12]. Thus, accurately
delineating the shoreline is crucial for monitoring and detecting periodic changes for effective coastal zone management, planning,
risk reduction, and sustainable development.

The conventional approach for delineating the position of shoreline changes relies on field surveys of current shoreline levels, aerial
photographs, and topographic maps. These data are then compared to historical data sets using techniques such as the linear regression
rate (LRR), jackknife (JK), and end point rate (EPR) [7,13,14]. However, these methods are very sensitive to human errors, labor
intensive, and have limited spatiotemporal coverage. Recent advancements in remote sensing (RS) and geographic information sys-
tems (GIS) technologies have led to a significantly improved understanding of the effects of coastal geomorphological processes on
shoreline change [3]. RS data are often used in shoreline change studies due to their broad, accessible, and multispectral qualities for
distinguishing infrared imagery portions of land and water and their cost effectiveness [2,15]. Satellite data may be analyzed using
advanced image processing techniques to delineate shoreline changes accurately. Some widely used approaches include image clas-
sification, threshold slicing, and machine learning techniques [16]. Several researchers have quantitatively assessed the spatiotem-
poral changes in shorelines on a global scale [4,17]. Highlighting the application of DSAS, which is an ArcGIS extension designed for
measuring, quantifying, computing, and estimating rates of shoreline change from multiple historical shoreline change rates [4,18,19].
This method frequently utilizes five statistical metrics, namely the shoreline changes envelope (SCE), net shoreline movements (NSM),
End Point Rate (EPR), Weighted Linear Regression rate (WLR), and Linear Regression Rate (LRR), to evaluate both long-term and
short-term shoreline changes [20]. Specifically, the LRR and WLR methods use historical shoreline data to determine how quickly the
coastline changes. This is by analyzing specific sections of the coastline; these methods fit a regression line to the shoreline points over
time to calculate the rate of erosion or accretion for specific transects.

Many studies have focused on analysing shoreline dynamics in various coastal regions. For instance, Hakkou et al. [21] utilized this
approach to examine the Moroccan Atlantic coast near Kenitra between 1936 and 2014, employing data from diverse sources, such as
topographic maps, aerial photographs, and field measurements. Similarly, Daud et al. [22] investigated shoreline change trends in
Selangor using Landsat satellite imagery from 1990 to 2015. In this regard, Masria et al. [23] applied the DSAS methodology with
Landsat images to study shoreline changes between 1984 and 2004 on the promontory coast in the northwest Nile Delta.
Zambrano-Medina et al. [24] also employed DSAS to analyze shoreline fluctuations over the Gulf of California using Landsat imagery
from 1981-2020, assessing erosion and accretion patterns while forecasting the shoreline change rate for the years 2030 and 2050,
respectively. Despite the extensive use of DSAS and satellite imagery in such studies, research remains scarce addressing extensive
coastal stretches while predicting future shoreline positions over South Africa.

Studies focused on monitoring and modelling the coastline plays a significant role in developing effective coastal zone management
[24]. This is particularly true in the contemporary context of climate change impacts/variability in sea-level rise, increased coastal
erosion, and floods along the eThekwini coastline [25]. Specifically, these changes affect various community livelihood activities and
tourism, all of which are critical economic activities along the coastline [26]. In this regard, one of the prerequisites for effective
coastal planning, hazard zoning, and management is to provide an accurate and precise position of the shorelines to detect past and
future changes in the eThekwini shoreline. While shoreline change analysis is critical, few studies have examined changes along the
eThekwini shoreline.

For example, Allison et al. [8] analysed recent sea-level variations around South Africa using tide gauge records and satellite
altimetry. Cooper & Green [27] studied the effects of sea-level rise on shoreline change across Southern Africa using various
geomorphological approaches. Specifically, Cawthra et al. [25] assessed the influence of ocean currents on sediment dynamics on the
narrow 8 km wide beach of the Durban, demonstrating that the Durban Eddy, located inshore of the Agulhas Current, along with
bottom surges induced by high swells and marine storm events, has played a significant role in influencing large-scale shoreface
dynamics, while Leuci et al. [26] investigated trends in sandy beach variability along a 9.6 km stretch using a topographic survey data
approach, reporting a net loss of 177,885 m® in volume and 29,375 m? in area. Although these studies contribute to understanding the
broader coastal dynamics in South Africa and eThekwini, they are limited to specific sections of the coastline that are <10 km long and
do not leverage advanced DSAS to capture these changes over time. In addition, an exhaustive and consistent regional investigation of
shoreline change is required annually to determine the vulnerability of populations and infrastructures to shoreline changes. To
address these gaps, we assessed the shoreline change of the eThekwini Coastline from 1990 — 2023 using Landsat images, Google Earth,
and an innovative geospatial analysis approach for effective coastline management. The outcomes of this research will inform
decision-making processes on sustainable coastal management approaches, contributing to enhanced resilience against shoreline risks
along the eThekwini coastal area. Furthermore, it provides a framework for integrating geospatial analysis into regional disaster risk
reduction strategies, benefiting neighbouring coastal areas that face similar challenges.

Given the critical role of coastal areas in economic development, understanding their evolving dynamics over time is essential,
particularly in climate change, which is expected to influence the effects on coastal communities [28]. Evidence suggests that shoreline
changes may increase, and so too their impact on vulnerable coastal populations [8,29]. While DSAS has long been recognized and
studied [4], this research aims to conduct a comprehensive geospatial analysis of shoreline changes along the eThekwini coastline from
1990 to 2023 by leveraging advanced DSAS tools. The study aims to assess historical and projected shoreline changes for effective
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coastline management and community resilience in eThekwini
Study area

eThekwini is located on the east coast of Kwa-Zulu Natal Province of South Africa. The Durban Bay on eThekwini is one of the
largest and busiest harbors in the country. Geographically, eThekwini is bounded between latitude —29° 52'N and 30° 0’ 12'N and
longitude 31° 10'E and 32° 6E, respectively. Its coastline covers a length of approximately 98 km and stretches from the Sapref oil
refinery in the South to the Northern coastal area of Durban North and the Indian Ocean to the East. eThekwini has a surface area of
approximately 2, 292km? and is just over 2 to 4 m above sea level. This makes the coastal area vulnerable to active geomorphic
processes such as waves, high tide, currents, longshore drift, storms, and sea level rise [26]. Consequently, erosion and accretion
transportation and deposition processes constantly shape the coastline. The major geomorphic feature includes the formation of sandy
beaches, dunes, cliff retreats, and saltwater intrusion due to sea level rise and global warming impacts. Generally, the area is a
low-lying coastal region characterized by wave-dominated sandy beaches, mudflats, and dunes [26]. The minimum and maximum
tidal heights of the area range between 0.8 to 2.4 m, respectively [30].

In addition, eThekwini has a complex topographic gradient extending from an inland plateau to the Great Drakensberg Mountains
range. The elevation ranges between 1 to 3442 m above sea level [31], which has significantly affected the shoreline position due to
various sediment transport and deposition shaping its position, especially along the south Durban shoreline [25]. eThekwini climate is
diverse, influenced by its varied terrain. Near the coast, it exhibits a subtropical climate, while inland, the climate is temperate and gets
colder towards Drakensberg’s escarpments in the higher altitudes [31]. The average temperature range is between 19.7 °C and 24.8 °C
minimum and maximum, with an annual rainfall of approximately 900-1009 mm, respectively [32]. The coastal tracks experience
over 1 to 3 tropical cyclones annually with varying intensity during the summer months, which last from December to April. The
climate has favoured various cyclonic and storm activities along the coast, significantly contributing to erosion and accretion, espe-
cially during high-impact precipitation and flooding [27]. Coastal erosion constantly threatens the population and infrastructures
along the coast [26,33,34] (Fig. 1).
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Fig. 1. The Coastline of Durban, eThekwini, KwaZulu-Natal, South Africa.
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Material and methods

Coastal environments are highly dynamic systems that undergo continuous changes due to various natural and anthropogenic
factors [35-37]. Monitoring and analyzing these changes is crucial for understanding coastal processes, managing resources, and
mitigating potential hazards. One widely used tool for this purpose is the Digital Shoreline Analysis System, which enables quantifying
and visualizing shoreline changes over time [19,35]. The Landsat series of satellites provides a valuable source of long-term, high--
quality imagery with global coverage, making it a suitable choice for large-scale shoreline monitoring [35,38]. The most practical and
affordable medium-resolution imagery dataset for shoreline study is Landsat imagery, which is extensively utilized for changes in
shorelines in coastal locations worldwide [39,40]. The Landsat multispectral resolution with broad and recurrent data coverage dates
to the 1970s. This enables the observation and measurement of surface geophysical characteristics of land and water, and its capacity
to differentiate between these characteristics has demonstrated its value for coastal studies [40-42]. Landsat Thematic Mapper (TM) of
1990 and 2000, Enhanced Thematic Mapper (ETM+) 2010, and Operational Land Imager (OLI) 2023 were used to extract the shoreline
used for the analysis. The Landsat images were downloaded from the United States Geological Survey (USGS) official website (Table 1).

Shoreline extraction

According to Dolan et al. [43] and Moore [44], the physical boundary between land and water is the optimal definition of the
shoreline. The shorelines were extracted Using semiautomated and manual onscreen digitization techniques [45-48]. False colour
composite and Normalized Difference Water Index (NDWI) were used to extract the data for the shoreline analysis. High-resolution
images from Google Earth Pro were used for validation and adjustments.

A false colour composite utilizes specific spectral bands from satellite imagery to represent features in colours that differ from their
natural appearance. This technique highlights water bodies, vegetation, and land cover types that might be indistinguishable in true
color images. The most common band combinations include:

NIR, Red, Green: This combination enhances vegetation, making it appear bright red due to its high reflectance in the near-infrared
spectrum, while clear water appears darker compared to turbid waters, which appear lighter.

SWIR, NIR, Red: This scheme emphasizes various land features such as vegetation (green), bare soil (purple), and active fires
(bright red).

The NIR, Red, and Green bands 432 in Landsat 4-5 and 7 and 543 in Landsat 9 were used for this study to perform the on-screen
digitalization of the images from 1990 to 2023 to extract the shoreline. We used the composite images for unsupervised classification
using the Iso cluster in ArcGIS 10.8 to differential land and water pixels. The classified images were reclassed and converted to vectors
to delineate the shoreline. The composite images were also used for the Normalized Difference Water Index (NDWI) to delineate the
boundary between land and water. NDWI is particularly effective in differentiating water bodies from other land types by exploiting
the reflective properties of water in specific spectral bands. NDWI is calculated using the Eq. (3):

NDWI = Green— NIR (3)

" Green+NIR

This formula emphasizes water features by maximizing the contrast between water and non-water surfaces, making it easier to
delineate coastlines.

Where:

Green (e.g., Landsat 8 Band 3) enhances water reflectance.

NIR (e.g., Landsat 8 Band 5) absorbs water, making water appear darker.

After performing the NDWI, thresholding was applied to separate water from land by identifying a threshold NDWI > 0 as water
and NDWI of < 0 as land. The binary was converted into a vector for all the images using raster to vector function in ArcGIS 10.8. The
extracted shorelines were converted to kml/kmz format and exported to Google Earth Pro for validation and adjustments.

Error and uncertainty estimation

The shoreline position’s accuracy and rate of change can be influenced by several sources of error, such as the tide level position,
digitizing error, resolution, and image georeferencing [49-51]. The uncertainty and its propagation in shoreline mapping and
extraction based on remote sensing are equally important for ascertaining the accuracy and significance of the results [52,53].
Consequently, the positional and measurement uncertainty were assessed in this investigation. Positional uncertainty refers to
characteristics and events, such as seasonal error (E;), tidal fluctuation (E,) and shoreline proxy offset (E,), that reduce the precision

Table 1

Summary of Acquired Landsat Images.
Sensor Date Resolution
Landsat TM 05/24/1990 30m
Landsat TM 03/24/2000 30m
Landsat ETM+ 04/13/2010 30m
Land OLI 03/08/2023 30m
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and accuracy of establishing a shoreline position from a given dataset [53,54]. Measurement uncertainties are related to the skill and
approach, such as digitization error (E), rectification error (E;), and pixel error (E,) [54,55]. In the present study, the satellite images
were already orthorectified and processed. The rectification errors were obtained from the metadata of all the Landsat images used for
the study, as all Lansat contain a geometric RMSE value in their metadata. Many shoreline proxies, including land-water boundaries
and low and high-water lines, can be used for shoreline delineation because satellite images taken during low tide have the best
visibility of physical features on the landward side of the shoreline [56,57]. Therefore, the satellite images used for this study were
acquired between March and May to avoid atmospheric and tidal errors. All the images have a uniform resolution of 30 m; therefore,
E,, E; errors were ignored. Finally, using Eq. (1), the total uncertainty value for the shoreline position error of the specified time period
(U;) was computed by taking into consideration both the positional and measurement uncertainties:

Uy= /B + B+ B2+ B2 o 12 eh)

The total uncertainty (U) in each transect was derived using Eq. (2):

\JUP 4+ U2+ ..+ U?
Ua _ 1 2 n (2)

Year,, — Year,

Where Uy, U,, ...and U, signifies the uncertainty values of the shoreline from 1990 to 2023, and Year; and Year, represent the first
and the final year under study, which in this case are 1990 and 2023, respectively. Table 2 shows that the highest yearly uncertainty
calculated for individual transects is about +0.32 m/year.

Shoreline change calculation

The coastline change analysis was conducted using the DSAS version 5.1, a USGS-developed tool for shoreline change statistics and
forecasting. It utilizes time-series shoreline data from aerial photos, satellite images, or field measurements. The analysis involved four
steps: shoreline preparation, baseline creation, transect generation, and shoreline change computation. A geodatabase was created for
digitized shorelines from different years, with attributes including date formats (MM/DD/YYYY). Baselines were buffered and
reprojected, and transects were generated at 100-meter intervals, extending 1000 m perpendicular to the shore.

Three statistical methods—End Point Rate (EPR), Net Shoreline Movement (NSM), and Linear Regression Rate (LRR)—were used to
analyze shoreline changes along the transects. NSM measured overall shoreline movement between the oldest and most recent
shorelines, while EPR quantified annual change rates by dividing NSM by the time elapsed. A total of 208 transects in Durban North
and 207 in Durban South were analyzed, revealing patterns of accretion (positive values) and erosion (negative values). The study
demonstrated the efficiency of DSAS in shoreline change analysis compared to conventional techniques. The EPR values were
computed by dividing the NSM values by the total number of years (DSAS 5.1 user guide 2021) using Eq. (4).

Net Shoreline Movement

EPR = 4
No. of years between earliest and latest years “)

Prediction of future shoreline

Predicting future shoreline changes is challenging, but it can be useful in long-term planning and decision-making related to
coastline management [58,59]. Longitudinal predictions are challenging since shorelines are among the most dynamic geomorpho-
logical structures on Earth’s surface [60].

To forecast the dynamic changes at the coastlines, the Kalman filter developed by Long and Plant in 2012 was used to determine the
future shoreline position. The DSAS Kalman filter technique estimates shoreline position, rate of change, and positional uncertainty at
each time step, which is first initialized using the linear regression rate calculated by DSAS (DSAS 5.1 user guide 2021). Shoreline
forecasting is only possible for data containing at most four shorelines, although LRR and WRL can be computed with three or more
shorelines. Therefore, if the input data contains fewer than four shoreline dates, a shoreline forecast will not be generated (DSAS 5.1
User Guide 2021) after Projecting the shoreline to 2033 and 2043. The projected shorelines were used to calculate the NSM and LRR to
ascertain the changes rather than just the change in the positions of the projected shorelines. Fig. 2 shows the methodological flow
chart of the study.

Table 2
Shoreline Uncertainty Calculation for all the Extracted Shorelines.
1990 2000 2010 2023

Seasonal error (Ey) 0 0 0 0
Tidal fluctuation (Ey) 6.9 7 7 7.1
Rectification error (RMSE) (E;) 4.5 4.6 5.1 6.8
Digitizing error (E4) 15 15 15 15
Pixel Error (E,) 0.5 0.5 0.5 0.5
Total Shoreline position error (U;) m 22.40 22.50 22.50 22.60
Annual error (U,) 0.32 m/year
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Result

Mapping of shoreline change was carried out for Durban coastal stretches of the eThekwini coastline for the period 1990 to 2023.
To estimate coastline change, the NSM, EPR, and LRR techniques were used, and the details of the spatial (maps) and statistical
changes of the coastline over these periods are presented in Figs. 3a-g, 4, 5, 6, 7, 8a-d and Tables 2, 3, 4, 5, 6 for Durban north and

south.

Net shoreline movement (NSM)

The net shoreline movement (NSM) statistics for Durban North and Durban South indicate notable spatial differences in shoreline
dynamics, which reflect variations in natural processes and human activities. Figs. 3a and 3d revealed the Net shoreline Movement of

Durban’s north and south coastline.
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Fig. 3. Shoreline change based on Net Shoreline Movement 1990-2023 (a), End Point Rate 1990-2023 (b), and Linear Regression Rate 1990-2023
(c) of Durban North.

Erosion and accretion distance

The number of transects analyzed is almost equal in both areas, with 208 transects in Durban North and 207 in Durban South,
ensuring a comparable analysis. The average NSM in the North is positive (+2.49 m), indicating a slight overall shoreline advancement
or accretion. The NSM average in the South is negative (—7.42 m), showing significant shoreline retreat or erosion. This suggests that
Durban South is experiencing more erosion than Durban North. 122 transects (53.85 %) show negative movement in the North,
implying that over half of the transects in this area are eroding. 149 transects (71.9 %) in the South erode, indicating that erosion is
more widespread in this region than in Durban North.

The maximum negative distance in the North is —67.21 m, and the average negative distance across eroding transects is —13.98 m.
These values suggest localized hotspots of significant erosion, but overall erosion is moderate. The maximum negative distance is
smaller at —39.54 m, yet the higher percentage of eroding transects indicates more consistent and widespread erosion in the South. The
average negative distance (—12.98 m) is slightly lower than in Durban North.

The North, with 96 transects (46.15 %), shows positive NSM, representing shoreline advancement. The maximum positive distance
(133.09 m) and the average positive distance (21.71 m) suggest occasional significant accretion events. Only 58 transects (28.02 %)
show positive NSM in the North, indicating that shoreline advancement is less common. The maximum positive distance (29.58 m) and
the average positive distance (6.86 m) are substantially lower than in Durban North, reflecting minimal accretion in this region.

Durban North balances erosion and accretion, with relatively larger positive distances compensating for localized erosion. This may
indicate coastal management strategies, as seen in Durban Central, which has some seawalls built to protect the most affluent part of
the coastline. The predominance of negative NSM and limited accretion in Durban South suggest a net erosional trend, which could
result from higher wave energy, reduced sediment supply, or human activities like coastal development that exacerbate erosion.

Although erosion is present, the relatively high percentage of accreting transects and significant accretion distances provide op-
portunities for targeted management to enhance shoreline stability in the North. The consistent and widespread erosion in the South
requires urgent attention. Coastal management strategies such as beach nourishment, erosion control structures, or ecosystem
restoration could be necessary to mitigate shoreline retreat and protect infrastructure and ecosystems
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Fig. 4. Shoreline change based on Net Shoreline Movement 1990-2023 (a), End Point Rate 1990-2023 (b), and Linear Regression Rate 1990-2023
(c) of Durban North.

End point rate (EPR)

The endpoint rate (EPR) analysis for coastal transects in Durban North and Durban South reveals significant differences in erosion
and accretion patterns between the two areas. Figs. 3b and 3e revealed the EPR of Durban’s north and south coastline.

Erosion and accretion rates

Durban North shows an average erosion rate of 0.09 m/year, while Durban South has a negative average rate of —0.22 m/year,
indicating a net loss of shoreline in Durban South.

The maximum erosion values are —2.05 m/year for Durban North and —1.21 m/year for Durban South, suggesting that Durban
North’s most severe erosion occurs despite its overall positive average rate. A total of 208 transects were analyzed in Durban North,
with 53.85 % classified as erosional, whereas 71.98 % of the 207 transects in Durban South are erosional. Statistically significant
erosion was observed in 18.75 % of transects in Durban North compared to 29.95 % in Durban South, indicating a higher prevalence of
significant erosion events in the latter.

In terms of accretion, Durban North has a higher percentage of accretional transects at 46.15 %, compared to only 28.02 % in
Durban South. The maximum accretion observed is significantly higher in Durban North at 6.03 m/year, compared to 2.28 m/year in
Durban South, reflecting a more dynamic coastal process favoring accretion in this region.

The data indicates that while both regions experience erosion, Durban South is notably more affected by erosional processes, with a
greater percentage of transects exhibiting significant erosion compared to Durban North. Conversely, Durban North benefits from
higher rates of accretion, which may mitigate some of the erosional impacts observed. This disparity highlights the importance of
localized coastal management strategies to address the unique challenges faced by each area, particularly in regions like Durban South,
where significant erosion is prevalent.

Linear regression rate (LRR)

The linear regression analysis of the coastline erosion and accretion rates for Durban’s northern and southern regions reveals
significant differences in coastal dynamics. Figs. 3c and 3f revealed the LRR of Durban’s north and south coastline.

Erosion and accretion rates

Durban North had 208 transects, while Durban South had 206, indicating a relatively similar sample size for both regions. The
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Fig. 5. Erosion and Accretion based on NSM, EPR, and LRR 1990-2023 of Durban North.

average erosion rate for Durban North is slightly positive at —0.01 m/year, suggesting minimal erosion. In contrast, Durban South
shows a more pronounced negative average rate of —0.37 m/year, indicating significant erosion in that area. Durban North has 129
erosional transects (62.02 %), while Durban South has 171 (83.01 %). This suggests a higher prevalence of erosion in the southern
region. Only 0.48 % of transects in Durban North show statistically significant erosion, compared to 0 % in Durban South. This may
indicate that erosion is more common in the south but is not statistically significant across the sampled transects. The maximum
recorded erosion values are —2.06 m for Durban North and —1.61 m for Durban South, highlighting that the most severe erosion events
occurred in the northern region.

There are 79 accretional transects in Durban North (37.98 %) versus 35 in Durban South (16.99 %), indicating that accretion is
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Fig. 6. Erosion and Accretion based on NSM, EPR, and LRR 1990-2023 of Durban South.

more common in the northern area. The maximum accretion value is notably higher in Durban North at 6.05 m, compared to only 0.55
m in Durban South. This suggests that while both regions experience accretion, it is significantly more pronounced in the north.

Durban North experiences minimal erosion with significant areas of accretion, showcasing a relatively stable coastline. Conversely,
Durban South faces considerable erosion challenges with a lower tendency for accretion, leading to concerns about coastal stability
and potential impacts on infrastructure and ecosystems.

These findings have critical implications for coastal management strategies. The pronounced erosion in Durban South necessitates
targeted interventions to mitigate further loss and protect coastal habitats and human development. In contrast, the stability observed
in Durban North may allow for different management approaches focused on maintaining current conditions while monitoring po-
tential changes due to external factors such as climate change or human activity. Understanding these dynamics is essential for
effective coastal planning and management, particularly in light of ongoing environmental changes affecting sea levels and coastal

processes.
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Fig. 7. Predicted Shoreline change based on End Point Rate 2023-2033 (short term) (a) and 2033-2043 (Long term) (b) of Durban North.

A comparative Analysis of the Prediction of Future Shoreline Change Rate Based on End Point Rate 2023-2033 (short
term) and 2033-2043 (Long term) of Durban North and South

Erosion trends in durban north

In the short-term (2023-2033), the average erosion rate is —0.18 m/year, which worsens to —0.3 m/year long-term (2033-2043).
The percentage of erosional transects increases significantly from 39.3 % to 68.66 %, indicating a worsening erosion trend. The
number of statistically significant erosional transects drops from 25.87 % to 8.46 %, suggesting that while erosion increases in extent,
fewer areas show significant statistical trends. Maximum erosion intensity decreases from —7.06 m/year to —2.07 m/year, implying a
reduction in peak erosion rates. The average of all erosional rates also decreases from —1.93 m/year to —0.77 m/year, showing less
aggressive but more widespread erosion.

Accretion trends in durban north

The percentage of accretional transects decreases from 60.7 % to 31.34 %, indicating a reduction in coastal build-up. Statistically
significant accretional transects drop from 13.43 % to 2.49 %, suggesting less confidence in accretional trends over time. The
maximum accretion rate increases from 2.21 m/year to 4.46 m/year, showing that while accretion is less frequent when it occurs, it is
more intense. The average accretion rate slightly decreases from 0.96 m/year to 0.74 m/year.

Erosion trends in durban south

The average erosion rate improves significantly from —0.92 m/year in 2023-2033 to 0.3 m/year in 2033-2043, indicating a shift
from erosion to overall accretion. The percentage of erosional transects declines drastically from 90.24 % to 16.1 %, suggesting that
erosion becomes much less prominent over time. Statistically significant erosional transects disappear entirely (from 20.98 % to 0 %),
reinforcing the trend reversal. Maximum erosion intensity decreases from —4.73 m/year to —0.54 m/year. The average of all erosional
rates also declines from —1.06 m/year to —0.18 m/year, supporting the shift towards accretion.
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Fig. 8. Predicted Shoreline change based on End Point Rate 2023-2033 (short term) (a) and 2033-2043 (Long term) (b) of Durban South.

Table 3
NSM shoreline change statistics.

Statistics

Durban North

Durban South

Total number of transects

Average distance (m)

Number of transects with negative distance

Percent of all transects that have a negative distance ( %)
Maximum negative distance (m)

Average of all negative distances (m)

Number of transects with positive distance

Percent of all transects that have a positive distance ( %)
Maximum positive distance (m)

Average of all positive distances (m)

208
2.49
122
53.85
—67.21
—13.98
96
46.15
133.09
21.71

207
~7.42
149
71.9
-39.54
-12.98
58
28.02
29.58
6.86

Table 4
EPR shoreline change statistics.

Statistics Durban North Durban South
Total number of transects 208 207
Average rate (m/year) 0.09 -0.22
Number of erosional transects 112 149
Percent of all transects that are erosional ( %) 53.85 71.98
Percent of all transects that have statistically significant erosion ( %) 18.75 29.95
Maximum value erosion (m/year) —2.05 -1.21
Average of all erosional rates (m/year) —0.43 -0.4
Number of accretional transects 96 58
Percent of all transects that are accretional ( %) 46.15 28.02
Percent of all transects that have statistically significant accretion ( %) 24.04 3.38
Maximum value accretion (m/year) 6.03 2.28
Average of all accretional rates (m/year) 0.69 0.23
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Table 5
LRR shoreline change statistics.
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Statistics Durban North Durban South
Total number of transects 208 206
Average rate —-0.01 -0.37
Number of erosional transects 129 171
Percent of all transects that are erosional 62.02 % 83.01 %
Percent of all transects that have statistically significant erosion 0.48 % 0%
Maximum value erosion —2.06 —1.61
Average of all erosional rates —0.59 —0.48
Number of accretional transects 79 35
Percent of all transects that are accretional 37.98 % 16.99 %
Percent of all transects that have statistically significant accretion 0% 0%
Maximum value accretion 6.05 0.55
Average of all accretional rates 0.94 0.18

Table 6
EPR shoreline change statistics 2023 — 2033 and 2033 - 2043 for the North and South Durban coastline.

Durban North Durban South

Statistics 2023 - 2033 2033 - 2043 2023 - 2033 2033 - 2043
Total number of transects 201 201 205 205
Average distance (m/year) -0.18 -0.3 —-0.92 0.3
Number of erosional transects 79 138 185 33
Percent of all transects that are erosional ( %) 39.3 68.66 90.24 16.1
Percent of all transects that have statistically significant erosion ( %) 25.87 8.46 20.98 0
Maximum value erosion (m/year) -7.06 -2.07 —-4.73 —0.54
Average of all erosional rates (m/year) —1.93 -0.77 —1.06 -0.18
Number of accretional transects 122 63 20 172
Percent of all transects that are accretional ( %) 60.7 31.34 9.76 83.9
Percent of all transects that have statistically significant accretion ( %) 13.43 2.49 0.49 0
Maximum value accretion (m/year) 2.21 4.46 1.87 1.04
Average of all accretional rates (m/year) 0.96 0.74 0.39 0.39

Accretion trends in durban south

The percentage of accretional transects increases dramatically from 9.76 % to 83.9 %, showing a complete shift from erosion to
accretion. Statistically significant accretional transects remain low (0.49 % to 0 %). Maximum accretion remains relatively stable (1.87
m/year to 1.04 m/year) but with increased spatial coverage. The average accretion rate remains constant at 0.39 m/year.

The northern sector shows persistent but weakening erosion, while the south experiences a complete regime shift from erosion to
accretion. This aligns with observed sediment transport patterns in Durban Bight, where longshore currents create localized accretion
zones [61]. Both regions show reduced erosion intensity as affected areas expand (North) or contract (South), suggesting system-wide
adjustments in sediment distribution. The decline in statistically significant erosion/accretion percentages (e.g., Durban North’s
significant erosion dropping from 25.87 % to 8.46 %) implies gradual stabilization, consistent with predictive models for managed
shorelines [61,62].

In comparing the results from the two zones within the short and long term, Durban North experiences worsening erosion in the
long term, with a higher percentage of erosional transects but decreasing maximum and average erosion rates. Durban South tran-
sitions from an erosional to an accretional environment over time, showing a dramatic decline in erosional transects and increased
accretion. Erosion intensity is higher in the short term for both regions, but the long-term trend differs, worsening in Durban North and
improving in Durban South. Accretion in Durban North becomes less widespread but more intense in localized areas, while Durban
South shifts from erosion to dominance of accretion.

Discussion

The shoreline, the physical interface between land and sea, continuously changes its position in response to sediment transport,
climate change effects, and variations in sea level, the tidal cycle, and human activity. These factors have contributed to significant
coastal accretion and erosion patterns over time [2,15]. However, their impact on the Durban shoreline between 1990-2023 and their
future implications for 2023-2043 remains unclear. The present study contributes to mapping Durban shoreline change based on NSM,
EPR, and LRR statistics to improve the coastline management approach.

Analysis of the shoreline change along the Durban coastlines revealed significant spatial variability in erosion and accretion rates
over the study period. The results show that the northern coastline predominantly experiences localized accretion, whereas the
southern coastline is undergoing more erosion. The higher percentage of negative distances in Durban South (71.9 %) compared to
Durban North (53.85 %) highlights the greater vulnerability of the southern coastline to erosion. Additionally, the average negative
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distances in both regions suggest notable losses in the shoreline area, with the southern coastline showing a more consistent erosional
trend across a more significant proportion of the transects, particularly around Stanvac, Amanzimtoti, and Isipingo Beach area (Fig. 2d-
g). The higher erosion rate on the southern coastline can be attributed to increased wave energy and sediment depletion caused by
anthropogenic activities such as harbour development and sand mining. These findings are consistent with the works of Leuci et al.
[26], who identified erosion hotspots along urbanized coastlines. However, our results differed in identifying significant accretion
trends in the northern section, which may reflect localized sediment management practices not considered in earlier studies [63]. Daud
etal. [22], found that sand mining was responsible for high rates of erosion along the Selangor coast of Malaysia, the Moroccan Kenitra
coast [21], and along the Gulf of California in the United States [24].

Conversely, the accretion observed in the northern segment, especially around the Durban Beach and Point waterfront segments,
could have resulted from sediment deposition facilitated by longshore drift and the Umgeni River deposits. However, the presence of
hard engineering structures such as Breakwaters, Groynes, and seawalls in the northern segment accounts for the low erosion rate in
this area compared to the Durban South. These results are validated by Hossain et al. [2], who found that engineering structures like
Groynes and seawalls contributed significantly to stabilizing the Purba coastline in India. While these structures provide significant
protection, they can also have negative impacts, including disrupting sediment transport, the need for regular maintenance, and
worsening erosion in the adjacent southern segments of the Durban coast. Recent trends in coastal management emphasize the
importance of integrating hard and soft engineering solutions [15,64]. For instance, using geotextile sand-filled containers combines
soft engineering principles with structural support, providing a flexible and effective defense against erosion while minimizing
environmental impact [65]. Inadequate coastline management, particularly for areas affected by erosion, was found to increase the
risk of coastal hazards such as flooding, environmental degradation, and loss of valuable land for human settlements along the Digha
Coast of India [15,66]. Furthermore, frequent cyclonic activities, such as cut-off low along Durban’s southeast coast, contributed
significantly to shoreline erosion [31]. In this light, such a study is critical to prepare the Durban coastal communities for the impacts of
climate change. However, the contrasting patterns of shoreline change between the two coastlines emphasize the need for tailored
coastal management strategies that address each of these coastal segments’ specific erosion and accretion dynamics.

Shoreline changes along the Durban coastline have significant future implications for coastal communities, particularly in light of
ongoing climate change and development pressures. Rising sea levels are expected to reduce the surface area of beaches, which could
adversely affect local tourism, a crucial economic driver for the region. As beaches shrink, the infrastructure supporting tourism may
also be compromised, leading to economic losses and reduced recreational opportunities for residents and visitors alike [62,67].

The dynamics of erosion and accretion can lead to increased vulnerability to risks associated with the coast, like storm surges and
flooding. Communities in areas experiencing significant erosion may face greater risks, necessitating urgent measures for disaster
preparedness and response [31,68]. The construction of new ports and other developments could alter sediment dynamics, potentially
exacerbating erosion in certain areas. This necessitates careful planning and management to protect the existing infrastructure while
accommodating new developments [61,68]. Coastal ecosystems, such as beaches and dunes, play a crucial role in protecting coastlines
by providing habitats for wildlife and mitigating the impact of storms. Alterations in shoreline dynamics may disrupt these ecosystems,
affecting biodiversity and their services to local communities [69].

The findings of this study underscore the importance of adopting an integrated approach to coastal management. This includes
implementing setback lines for new developments, enhancing natural buffers, and considering hard and soft engineering solutions to
mitigate the impacts of shoreline change [68,69]. The implications of shoreline change for Durban coastal communities are multi-
faceted and affect economic, environmental, and social dimensions. Thus, proactive management and adaptation strategies will be
essential to address these challenges and protect the livelihoods and well-being of coastal residents.

Conclusion

The analysis of Net Shoreline Movement (NSM), Endpoint Rate (EPR), and Linear Regression Rate (LRR) for Durban North and
Durban South reveals significant spatial and temporal variations in shoreline dynamics, which are shaped by both natural processes
and human activities. Durban North exhibits a relatively balanced interplay between erosion and accretion, with moderate overall
shoreline advancement and occasional significant accretion events. Despite localized erosion hotspots, accretional processes, including
higher maximum and average positive distances, contribute to a relatively stable coastline. This stability may result from effective
coastal management strategies, such as constructing protective structures. However, the region is not immune to erosion risks,
particularly in areas with statistically significant shoreline retreats. In contrast, Durban South faces a pronounced net erosional trend,
with widespread and consistent shoreline retreat evident in the higher percentage of eroding transects. The prevalence of erosion and
the limited extent of accretion suggest that Durban South is more vulnerable to coastal instability. Factors such as reduced sediment
supply, higher wave energy, and human-induced pressures exacerbate the challenges in this region. The projection of future shoreline
dynamics (2023-2033 and 2033-2043) based on EPR further underscores the contrasting trends. These findings have critical impli-
cations for coastal management. Durban North requires targeted erosion control measures and monitoring to maintain its relatively
stable coastline. Strategies such as beach nourishment and ecosystem restoration could enhance resilience. Durban South, however,
demands urgent interventions to address widespread erosion, protect coastal habitats, and safeguard infrastructure. Implementing
adaptive management plans that consider localized dynamics, climate change impacts, and the socio-economic significance of these
coastlines will be essential for long-term sustainability.
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