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A B S T R A C T

Coastal estuaries are among the most dynamic and ecologically sensitive environments, yet they are increasingly 
threatened by anthropogenic activities and climate-related stressors. This study investigates three decades 
(1990–2020) of shoreline dynamics in three major estuaries along the northern Persian Gulf—Bidkhoon, Ziarat, 
and Shif—each exhibiting distinct morphodynamic characteristics and varying degrees of human influence. 
Using multi-temporal Landsat imagery within a GIS environment, shoreline positions were extracted using the 
Modified Normalized Difference Water Index (MNDWI) and analyzed with the Digital Shoreline Analysis System 
(DSAS). Shoreline change was quantified using the Net Shoreline Movement (NSM) and Linear Regression Rate 
(LRR) metrics. Mean LRR values of − 1.4, − 9.02, and − 25.2 m yr⁻¹ were estimated for the Bidkhoon, Ziarat, and 
Shif estuaries, respectively. Bidkhoon, which lacks significant fluvial sediment input, exhibited a predominantly 
erosional shoreline with relatively low spatial variability, suggesting a largely tide-dominated coastal system. 
Shif experienced the largest absolute shoreline fluctuations (maximum NSM erosion: − 2332.17 m; maximum 
accretion: +1326.85 m) and displayed a complex pattern of alternating erosion and accretion, with localized 
retreat within the Helleh River delta and shoreline progradation elsewhere, likely associated with aquaculture 
development and sediment redistribution. Ziarat exhibited the most pronounced shoreline retreat, reaching a 
maximum NSM of − 989.86 m, consistent with reduced sediment supply following the construction of the Salman 
Dam. Regional relative sea-level rise and land subsidence may have further contributed to shoreline retreat, 
particularly within the Mond River delta. Although all three estuaries are located within protected coastal areas 
characterized by limited urban and industrial development, the observed shoreline changes demonstrate that 
both natural coastal processes and human activities have substantially influenced estuarine evolution over the 
past three decades. These findings provide valuable information for understanding long-term shoreline dynamics 
and support the development of sustainable coastal management strategies for the northern Persian Gulf.

1. Introduction

Coastal ecosystems rank among the world's most productive systems, 
offering essential goods and services for humankind. They are distinc
tive and ecologically diverse regions, serving as a highly suitable habitat 
for various animal and plant species (Crain et al.,2009; Etemadi et al., 
2016). They are also the world’s most densely populated regions, which 
possess unique conditions encompassing economic, commercial, recre
ational, and, in some cases, strategic aspects (Harley et al., 2006). 
Therefore, coastal zones hold enormous social, economic, and biological 
value (Martínez et al., 2007). Also, the coasts represent the most 

dynamic zones found at the interface of land, water, and the atmo
sphere, making them susceptible to human activities such as tourism, 
offshore oil and gas operations, port activities, fisheries, and navigation 
(Etemadi et al., 2018) Additionally, natural processes like inundation or 
erosion due to sea level rise, storms, cyclones, hurricanes, and tsunamis 
pose significant challenges to them (Abbasi et al., 2021). Numerous 
processes and factors such as the intensity of wave energy incident upon 
the shoreline, changes in sea level, local tectonic activity, sediment 
availability, coastal geomorphology, and fluvial flow—interact in a 
complex manner to define both the shape and alignment of the shore 
(Hecht and Cordeira, 2017).
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Coastal erosion poses a major environmental threat, especially in 
low-lying coastal regions, and is a critical concern for coastal developers 
(Crowell et al., 1991). Erosion is defined as the landward retreat caused 
by sediment loss, while accretion refers to seaward advance due to 
sediment gain (Mills et al., 2005). This process directly results in land 
loss and the submergence of infrastructure, agricultural land, and bea
ches (Williams et al., 2018). Continuous coastal erosion negatively af
fects the livelihoods of coastal populations (Mukhopadhyay et al., 2018) 
and drives the loss of habitable land, mangroves, farmland, and other 
natural and anthropogenic resources (Mondal et al., 2020). In recent 
decades, net erosion has been observed on over 70% of the world's sandy 
beaches, underscoring coastal erosion as a persistent issue in coastal 
zone management (Melet et al., 2020).

Monitoring coastline changes is pivotal for sustainable development 
and the environmental protection of coastal ecosystems (Hossain et al., 
2022b). Spatiotemporal observations of coastal areas enable the 
assessment of erosion risk and the detection of change patterns. Such 
monitoring also supplies essential data to guide the development of 
intervention policies when needed (Appeaning Addo et al., 2008). 
Coastal areas' vulnerability to these hazards, combined with limited 
adaptive capacity, highlights the increasing need for sustained moni
toring, understanding, and forecasting of marine coastal hazards. To 
reduce risks associated with marine hazards, enhanced coastal zone 
monitoring and forecasting programs are urgently required (Hossain 
et al., 2022a; Mondal et al., 2025; Das et al., 2025). Sustainable coastal 
management necessitates viewing the coastal zone as a system, with the 
ability to both reconstruct past shoreline changes and project future 
changes across multiple timeframes (Davidson et al., 2010; Miller and 
Dean, 2004; Mondal et al., 2020). Consequently, accurate shoreline 
delineation and continuous monitoring are essential for implementing 
remedial measures—including afforestation, sea walls, and dykes—to 
counter these alterations.

Accurate delineation and long-term monitoring of shoreline position 
are fundamental for understanding coastal evolution and supporting 
sustainable coastal management (Alesheikh et al., 2007; Nassar et al., 
2018; Mondal et al., 2017). Among the available approaches, satellite 
remote sensing has become one of the most reliable and cost-effective 
techniques for investigating shoreline dynamics because it provides 
extensive spatial coverage, long-term historical archives, high temporal 
revisit capability, and multispectral information suitable for land–water 
discrimination (Zhang et al., 2017; Gunasegaram et al., 2022). Optical 
satellite imagery is particularly effective for shoreline mapping because 
water strongly absorbs near-infrared radiation, whereas vegetation and 
exposed land surfaces exhibit relatively high reflectance. Consequently, 
spectral water indices derived from visible and infrared bands, such as 
the Modified Normalized Difference Water Index (MNDWI), have been 
widely applied to extract shoreline positions with improved accuracy 
under different coastal conditions (Alesheikh et al., 2007). Following 
shoreline extraction, shoreline change can be quantified using statistical 
indicators such as the End Point Rate (EPR), Linear Regression Rate 
(LRR), Net Shoreline Movement (NSM), and Shoreline Change Envelope 
(SCE), which enable robust evaluation of long-term erosion and accre
tion trends.

The Digital Shoreline Analysis System (DSAS) is one of the most 
widely adopted tools for calculating shoreline change statistics from 
multi-temporal shoreline datasets (Moore, 2000; Thieler et al., 2009; 
Bera and Maiti, 2019; Jodhani et al., 2021). Integrated with Geographic 
Information Systems (GIS), DSAS provides standardized and reproduc
ible estimates of shoreline movement, allowing comparison of shoreline 
dynamics across different spatial and temporal scales. Owing to its 
reliability and operational efficiency, DSAS has been successfully 
applied to a wide variety of coastal environments worldwide, including 
sandy beaches, estuaries, deltas, and embayed coastlines in Africa, Asia, 
Europe, and Australia (Mukhopadhyay et al., 2012; Moussaid et al., 
2015; Kermani et al., 2016; Jonah et al., 2016; Hakko et al., 2018; Ataol 
et al., 2019; Konlechner et al., 2020; Thakur et al., 2020b; Gormüs et al., 

2021; Mishra et al., 2024b; Paul et al., 2025). These studies collectively 
demonstrate the effectiveness of integrating satellite remote sensing and 
DSAS for evaluating long-term shoreline dynamics while emphasizing 
that shoreline responses remain highly site-specific because they are 
controlled by local geomorphological and hydrodynamic conditions.

In Iran, previous studies have applied remote sensing and DSAS to 
investigate shoreline changes along several sectors of the Persian Gulf 
and the Strait of Hormuz (Razmi et al., 2018; Parhizkar et al., 2019). 
Previous coastal investigations have documented considerable spatial 
variability in shoreline behaviour between 1976 and 2018, with some 
sectors remaining relatively stable, others experiencing shoreline 
retreat, and others exhibiting progressive sediment accumulation 
(Sotoudepour et al., 2020).

However, comprehensive long-term assessments focusing on the 
major estuaries along the northern Persian Gulf remain limited, despite 
their ecological significance and increasing socioeconomic importance. 
Estuaries are among the most dynamic and environmentally significant 
components of coastal systems, where the interaction of river discharge, 
tidal processes, waves, and sediment transport controls shoreline 
morphology and estuarine stability. Owing to their ecological, eco
nomic, and strategic importance, understanding long-term shoreline 
dynamics within estuarine environments is essential for sustainable 
coastal management and effective planning of coastal infrastructure. 
Along the southern coast of Iran, rapid coastal development, including 
the construction of ports, breakwaters, and other coastal engineering 
structures, has the potential to modify local hydrodynamic conditions 
and sediment transport processes. Although these activities are consid
ered possible drivers of shoreline evolution, their influence varies 
spatially depending on local geomorphological and environmental 
conditions (Naeimi et al., 2010).

Despite the regional importance of the major estuaries along the 
northern Persian Gulf, omprehensive long-term assessments of shoreline 
dynamics within these estuarine systems remain limited. Most previous 
investigations have focused on broader coastal sectors, leaving signifi
cant uncertainty regarding the spatial variability of erosion and accre
tion in the largest estuaries of Bushehr Province. This knowledge gap 
limits the development of effective management strategies for these 
environmentally sensitive and strategically important coastal environ
ments. This study investigates the long-term shoreline dynamics of the 
three largest estuaries in Bushehr Province Bidekhoon, Ziarat, and 
Shif—using multi-temporal Landsat imagery acquired in 1990, 2000, 
2010, and 2020 together with the Modified Normalized Difference 
Water Index (MNDWI) and the Digital Shoreline Analysis System 
(DSAS). Beyond quantifying shoreline change rates, this study evaluates 
the spatial variability of erosion and accretion among the major estua
rine systems and provides a regional baseline for future coastal moni
toring and management in the northern Persian Gulf. Although the 
methodological framework is based on well-established remote sensing 
techniques, the scientific contribution of this study lies in improving the 
understanding of long-term shoreline behaviour within the largest es
tuaries of the northern Persian Gulf, where comparable investigations 
remain scarce despite their ecological and socioeconomic importance. 
These largest estuaries are located within or adjacent to nationally 
protected coastal ecosystems and marine conservation areas. These es
tuaries represent environmentally sensitive habitats that support valu
able wetlands, mangroves, and diverse aquatic communities making the 
assessment of their long-term shoreline dynamics particularly important 
for ecosystem conservation and coastal management.

The findings also contribute to the growing body of international 
research employing remote sensing and DSAS to evaluate shoreline 
dynamics in environmentally sensitive coastal systems, while providing 
new evidence from the understudied estuarine environments of the 
northern Persian Gulf.
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2. Study site

The coastal zone of Bushehr Province is located in the northern 
sector of the Persian Gulf, extending between 48◦40' to 52◦44' E and 
27◦17' to 30◦10' N. This region encompasses a substantial portion of the 
Persian Gulf coastline and is characterized by diverse geomorphological 
features, including coastal hills, lagoons, rivers, islands, and volcanic 
cones.

Among the estuarine systems of Bushehr Province, the Bidkhoon, 
Ziarat, and Shif estuaries were selected because they are the largest and 
most environmentally significant estuaries along the northern Persian 
Gulf (Fig. 1). These estuaries differ in their geomorphological charac
teristics, hydrodynamic settings, and sedimentary environments, 
providing an opportunity to evaluate spatial variability in shoreline 
evolution within representative estuarine systems of the region.

The Bidkhoon Estuary extends approximately 5.25 km across the 
gently sloping coastal plain of eastern Asaluyeh and southern Bidkhoon 
District. Tidal processes support an extensive wetland covering 
approximately 8400 ha, which is located in Nayband national marine 
park, also provides habitat for numerous aquatic birds, fish species, and 
mangrove communities (Etemadi et al., 2021). The Ziarat Estuary is 
located near the mouth of the Mond River in Mond protected area, 
where the coastal plain has a general slope of less than 4%. Its geo
morphology is strongly influenced by interactions between river 
discharge and tidal processes (Abbasi et al., 2024). The Shif Estuary, 
situated within the protected Helle coastal area, is recognized as one of 
the largest and most productive estuarine lagoons in the region and 
represents an ecologically important coastal wetland.

The climate of the study area is arid to semi-arid. Mean annual 
relative humidity is approximately 43%, and average annual precipita
tion is less than 250 mm, with nearly 60% of rainfall occurring between 
December and February, whereas precipitation is minimal from June to 
September. The prevailing northwesterly winds generate wave action 

and longshore currents that influence sediment transport and shoreline 
evolution along the coast. In addition, the region experiences a semi- 
diurnal tidal regime with tidal amplitudes ranging from approximately 
0.5–1.5 m, reaching higher levels during the monsoon and post- 
monsoon periods and lower levels during summer (Iran Meteorolog
ical Organization, 2024)(http://www.irimo.ir). These climatic and 
oceanographic conditions collectively influence sediment redistribution 
and the temporal variability of shoreline position within the study area 
(Table 1).

3. Materials and methods

3.1. Data sources

To evaluate coastline changes along the Bushehr Province, satellite 
imagery from the Landsat mission was acquired for multiple temporal 
intervals 1990, 1995, 2000, 2005, 2010, 2014, 2015, 2019, and 2020 
covering a 30-year period (Table 2). All images utilized in this study 
were freely downloaded in GeoTIFF format from the US Geological 
Survey (USGS) Earth Explorer platform (https://earthexplorer.usgs. 
gov).

Fig. 1. The maps of the estuaries under study: a. Shif, b. Ziarat, c. Bidkhoon.

Table 1 
Tidal characteristics of studied estuaries.

Study 
Area

Tidal Station 
(Lat/Lon)

MHHW MLHW MHLW MLLW ML

Bidkhoon 27◦ 30', 52◦ 35' 1.89 1.46 0.86 0.44 1.16
Ziarat 28◦ 00', 51◦ 23' 1.9 1.51 0.83 0.46 1.17
Shif 28◦ 59', 50◦ 50' 1.87 1.31 1.11 0.55 1.21
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3.2. Field surveying

Ground verification was carried out through field surveys. Seventy- 
five Ground Control Points (GCPs) were acquired at different shoreline 
locations using a GPS unit (±15 m accuracy) over the period from 
December 2019 to January 2020.

3.3. Image processing

Image selection followed a rigorous screening process to ensure the 
absence of stripping defects and other radiometric anomalies. After se
lection, the images were geometrically aligned and clipped to the spatial 
extent of the study area. Subsequently, both geometric and radiometric 
corrections were applied. Radiometric correction is essential for mini
mizing atmospheric effects, particularly in the visible and near-infrared 
spectral bands, where atmospheric absorption can significantly influ
ence reflectance values. Quick Atmospheric Correction (QUAC) or the 
FLAASH algorithm was employed to derive surface reflectance values.It 
is important to recognize that not all of the aforementioned corrections 
are universally required; preprocessing operations are conducted pri
marily to isolate essential spatial–spectral components and minimize 
potential sources of error, thereby ensuring the extraction of accurate 
information from satellite datasets. All images were georeferenced to the 
World Geodetic System 1984 (WGS84) datum using the Universal 
Transverse Mercator (UTM) projection and 75 GCPs. The GPS observa
tions collected during the 2019–2020 field surveys were used as Ground 
Control Points (GCPs) to improve the geometric correction and co- 
registration of the multi-temporal Landsat imagery. The selected GCPs 

were permanent and spatially stable features.Following preprocessing, 
an appropriate vector boundary was generated for each study estuary, 
after which the corresponding satellite images were clipped and pre
pared for subsequent analytical procedures. ENVI 5.3 and ArcGIS 10.3 
software packages were used for the processing, analysis, and visuali
zation of remote-sensing datasets.

3.4. Shoreline extraction and analysis

The determination of shoreline positions utilized the high water level 
(HWL) proxy, a widely employed indicator for shoreline definition 
(Boak and Turner, 2005; Del Río and Gracia, 2012). Tidal data were 
obtained from the Costal Area Hydrography Management in National 
Cartographic Center (http://www.ncc.org.ir).

To minimize the influence of tidal variability, the satellite images 
were not selected solely based on their acquisition season or date. 
Instead, hourly tidal records from the Bushehr tidal station were used to 
determine the tidal stage corresponding to the exact date and satellite 
overpass time of each Landsat image. Images were preferentially 
selected when the tidal stage was close to the High Water Level (HWL), 
and the tidal levels for all selected images were verified to be compa
rable across the study period. This approach ensured that the extracted 
shorelines represented similar tidal conditions, thereby reducing un
certainties associated with tidal fluctuations, particularly along the low- 
gradient estuarine coastlines of the study area, where even small dif
ferences in tidal elevation can result in substantial horizontal shifts in 
shoreline position.

Although the images were acquired in different years, seasonal 
consistency was maintained as far as possible within each estuary. 
Specifically, all images for the Ziarat Estuary were acquired during 
January–February, most images for the Bidkhoon Estuary during May
–August, and all images for the Shif Estuary during May–September. 
Where identical seasonal imagery was unavailable, image selection 
prioritized comparable High Water Level (HWL) conditions to minimize 
tidal-induced shoreline variability.

To distinguish between water and land boundaries, the Modified 
Normalized Difference Water Index (MNDWI) (Eq1) 

MNDWI=Green− SWIR/Green+SWIR                                              (1)

where "Green" and short-wave infrared "SWIR" represent reflectance 
values in the green and SWIR bands, This modification effectively sup
presses built-up land, vegetation, and soil noise, providing clearer 
delineation of water bodies in satellite imagery such as Landsat and 
Sentinel− 2 data. MNDWI values typically range from –1–1, with higher 
values indicating water presence. It is recognized as one of the best 
indices for delineating water boundaries (Fig. 2) among the spectral 
indices and were calculated using ENVI 10.5 software (Salehipour 
Milani, Eskansari, 2021). Because the spectral characteristics of the 
satellite images varied among acquisition dates, a single threshold could 
not be applied to all images. Therefore, the MNDWI threshold was 
determined individually for each image through an iterative visual 
procedure in ENVI. Several threshold values were tested for each image, 
and the resulting land water boundaries were visually evaluated to 
identify the threshold that provided the most realistic shoreline. The 
selected shoreline was subsequently compared with the corresponding 
high resolution Google Earth imagery available for approximately the 
same period to verify its consistency with the actual land water 
boundary before proceeding to edge detection.

Edge detection is a fundamental process in object recognition, aim
ing to identify sharp discontinuities in image intensity that define object 
boundaries, ultimately producing a line drawing representation of the 
input image. Among various edge detection techniques, the Canny 
operator stands out as the most effective and widely used method, 
particularly for applications such as shoreline extraction from remote 
sensing imagery. The Canny algorithm employs a multi-stage approach: 

Table 2 
Detailed information on the analyzed satellite images.

Study sits Satellite/ 
sensor

Pixel size 
(m)

zone Path/ 
row

Date of 
acquisition

Bidkhon 
estuary

Landsat 5/ 
TM

30 39 162/ 
041

Jun 02, 1991

Landsat 5/ 
TM

30 39 162/ 
041

Jan 04, 1995

Landsat 7/ 
ETM+

30 39 162/ 
041

Jul 04, 2000

Landsat 7/ 
ETM+

30 39 162/ 
041

May 15, 2005

Landsat 7/ 
ETM+

30 39 162/ 
041

Jul 16,2010

Landsat 8/ 
OLI

30 39 162/ 
041

Jun 17, 2014

Landsat 8/ 
OLI

30 39 162/ 
041

Aug 20, 2020

Ziarat 
estuary

Landsat 4/ 
TM

30 39 163/ 
041

Feb 25, 1991

Landsat 5/ 
TM

30 39 163/ 
041

Jan 27, 1995

Landsat 7/ 
ETM+

30 39 163/ 
041

Feb 18, 2000

Landsat 7/ 
ETM+

30 39 163/ 
041

Feb 26, 2003

Landsat 7/ 
ETM+

30 39 163/ 
041

Jan 28, 2010

Landsat 8/ 
OLI

30 39 163/ 
041

Feb 25, 2015

Landsat 8/ 
OLI

30 39 163/ 
041

Feb 14, 2019

Shif estuary Landsat 7/ 
ETM+

30 39 164/ 
040

Jul 02, 2000

Landsat 7/ 
ETM+

30 39 164/ 
040

May 19, 2007

Landsat 7/ 
ETM+

30 39 164/ 
040

Jul 14, 2010

Landsat 8/ 
OLI

30 39 164/ 
040

Jul 17, 2014

Landsat 8/ 
OLI

30 39 164/ 
040

Sep 19, 2020
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it begins with Gaussian smoothing to reduce noise, followed by gradient 
calculation (often using Sobel kernels) to determine intensity changes, 
non-maximum suppression to thin the edges, and double thresholding 
with hysteresis to robustly identify true edges. In satellite images, where 
the transition between land and sea is marked by step-like changes in 
grayscale values, the Canny operator excels in accurately delineating 
coastal boundaries with minimal breakpoints and high continuity. In 
this study, the Canny edge detector implemented in ENVI was applied 
using the software's default processing parameters, including Gaussian 
smoothing and hysteresis threshold settings. These default parameters 
provided continuous shoreline boundaries with minimal edge disconti
nuities across all study areas and therefore were retained for all images 
to ensure methodological consistency. The mathematical formulation 
(Eq. 2) for the gradient magnitude in the Canny edge detector is: 

G =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

G2
x + G2

y

√

(2) 

where GxGx and GyGy are the gradients in the x and y directions, 
respectively. This optimized approach ensures precise edge positioning 
and reliable extraction of well-defined image features, making Canny 
the preferred choice for high-quality edge detection in remote sensing 
applications.

3.5. DSAS analysis

After extracting shoreline lines, shoreline change rates are deter
mined using DSAS software's End Point Rate (EPR), NSM (Net Shoreline 
Movement) and Linear Regression Rate (LRR) techniques over 30 years. 
This software calculates the amount of shoreline movement and changes 
in each period by applying a perpendicular transect to the shoreline and 
using a baseline. To capture diverse developmental changes and mi
crohabitats along the shoreline within short distances, shore-parallel 

baselines were established.
The extracted shoreline vectors were subsequently imported into the 

DSAS to quantify shoreline changes over the study period. After shore
line extraction, a landward buffer was generated from each shoreline to 
construct the DSAS baseline. The baseline was positioned inland and 
approximately parallel to the general shoreline orientation to avoid 
intersection with the extracted shoreline positions while ensuring that 
all shorelines could be intersected by the generated transects. Transects 
were automatically generated from the baseline using the DSAS exten
sion. All transects were created perpendicular to the baseline at regular 
intervals to provide consistent measurements of shoreline displacement 
throughout the study area. A transect spacing of 100 m was adopted as a 
compromise between capturing local shoreline variability and main
taining a manageable number of measurement locations. This interval 
was considered sufficient to represent shoreline changes while avoiding 
excessive redundancy among adjacent transects.

After creating feature classes for each section, the percentage of Net 
Shoreline Movement) and SCE (Shoreline Change Envelope) (Ayadi, 
et al., 2016). Qualitative analysis was also performed to determine 
erosion/sedimentation sections using the NSM model, which represents 
the net distance between the old and new shoreline positions for each 
segment. Negative values of NSM, LRR, EPR, and SCE indicate shoreline 
retreat, while positive values indicate shoreline accretion. The calcula
tion method for LRR is as follows: the rate of shoreline changes is ob
tained by fitting a least-squares regression line to all shoreline lines 
within a transect (Temitopi and Oyedotun, 2014; Thieler, et al., 2009). 
In the next step, the maps of shoreline change were classified again in 
the ArcGIS software to visualize the trend of changes in the shoreline 
over 30 years.The executable steps of the research are presented in the 
flowchart below (Fig. 3).

The accuracy of the MNDWI-based shoreline extraction was evalu
ated using 200 stratified random validation samples generated 

Fig. 2. Shoreline extraction by MNDWI and in Bidkhoon (firest row), Ziarat ( scound row), Shif estuary (third row) (just select 4years in each site). It illustrate the 
quality of the land–water separation using the selected spectral index and estuary shoreline change during long period of time.
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independently for each estuary. The validation samples were randomly 
distributed over the land and water classes in the MNDWI-derived maps 
and their reference classes were identified through visual interpretation 
of high-resolution Google Earth imagery together with field observa
tions. Confusion matrices were constructed by comparing the classified 
land and water classes with the corresponding reference data for each 
study site (Table 3). Based on the confusion matrices, Overall Accuracy 
(OA), User's Accuracy (UA), Producer's Accuracy (PA), and the Kappa 
coefficient (κ) were calculated to evaluate the reliability of the extracted 
shorelines (Table 4). When the obtained classification accuracy was 
considered unsatisfactory, the MNDWI threshold was refined through 
the iterative threshold optimization procedure described in the previous 
section before converting the classified raster to shoreline vectors for 
subsequent DSAS analysis. This iterative procedure ensured that the 
selected threshold produced the highest agreement between the 
extracted shoreline and the reference shoreline before shoreline 
vectorization.

3.6. Uncertainty analysis

Accurate shoreline extraction from multi-temporal satellite imagery 
is affected by several sources of uncertainty associated with image 
characteristics, shoreline delineation, tidal conditions, seasonal vari
ability, and geometric registration (Jonah et al., 2016; Vu et al., 2020). 
To evaluate the reliability of the extracted shorelines, a comprehensive 
uncertainty assessment was performed following the approach proposed 
by Hapke et al. (2010) and Gopinath et al. (2023). This assessment 
provides a quantitative measure of shoreline positional uncertainty and 

facilitates a more reliable interpretation of long-term shoreline change 
patterns.

Three principal sources of positional uncertainty were considered in 
the calculation of shoreline position uncertainty: georeferencing un
certainty (Ug), shoreline digitization uncertainty (Ud), and uncertainty 
associated with the high water level (HWL) shoreline proxy (Uhwl). 
Georeferencing uncertainty reflects residual geometric registration er
rors among the multi-temporal Landsat images, digitization uncertainty 
represents errors introduced during shoreline delineation, and HWL 
uncertainty accounts for positional variation associated with the 
selected shoreline indicator. Following Hapke et al. (2010), the total 
shoreline position uncertainty for each acquisition year was calculated 
as: Eq. (3)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

U2
g + U2

d + U2
hwl

√

(3) 

.
Additional measures were implemented to minimize other potential 

sources of uncertainty. To reduce tidal uncertainty, hourly tidal obser
vations from the Bushehr tidal station were used to determine the tidal 
stage at the exact Landsat overpass time. Images were preferentially 
selected under comparable High Water Level (HWL) conditions, thereby 
substantially reducing shoreline displacement caused by tidal 
fluctuations.

Seasonal uncertainty was also minimized through the image selec
tion strategy. Although the satellite images were acquired over different 
years, seasonal consistency was maintained as far as possible within 
each estuary. Specifically, all images used for the Ziarat Estuary were 
acquired during January–February, most images for the Bidkhun Estu
ary during May–August, and all images for the Shif Estuary during 
May–September. Furthermore, the study area is located in an arid 
coastal environment with relatively limited seasonal freshwater inflow, 
particularly in the Bidkhun Estuary, which lacks a permanent river 
discharge. Consequently, seasonal effects on shoreline position are ex
pected to be smaller than tidal influences. Nevertheless, seasonal vari
ability remains a potential source of residual uncertainty and is 
acknowledged as a limitation of this study.

Sensor-related uncertainty was further reduced by employing 
Landsat TM, ETM+, and OLI imagery with a consistent spatial resolution 
of 30 m. All images underwent identical geometric and radiometric 
preprocessing and were co-registered to the WGS84/UTM coordinate 
system using 75 GPS-derived Ground Control Points (GCPs) located on 
permanent and spatially stable features. This procedure minimized po
sitional inconsistencies among sensors acquired over the 30-year study 
period. The calculated total shoreline uncertainties for each study year 
are presented in Table 5.

4. Results

4.1. Shoreline dynamics in the Bidkhoon estuary

The Bidkhoon estuary, located within Nayband National Park, has 
undergone notable morphological adjustments over the past three de
cades. Using cloud-free Landsat images acquired during peak high-tide 
conditions, shoreline variations were assessed across five geomorphic 
sectors (A–E) (Fig. 4). In Area A, located near the estuarine inlet, the 
shoreline exhibited continuous landward advancement throughout the 
study period. Prior to 2000, the shoreline retreated inland, and between 
2000 and 2014, erosion persisted with maximum annual advancement 
and retreat values of 5.34 m and 53.39 m, respectively. Area B demon
strated relative stability, as reflected by low LRR values and NSM values 
ranging between − 22.39 m and +13.93 m, with portions showing no 
measurable change. In Area C, erosion was most pronounced, with 
maximum retreat reaching − 147.6 m (NSM) and a peak annual 
displacement of − 5.17 m yr⁻¹ (LRR). Area D also showed shoreline 
retreat, though with smaller LRR magnitudes. NSM indicated a 

Fig. 3. Flowchart of the data processing procedure used in this study.

Table 3 
Confusion matrices for the accuracy assessment of MNDWI-based shoreline 
extraction in the three study estuaries.

Study site Reference Data Water Land Total

Bidkhon estuary Water 88 12 100
Land 14 86 100
Total 102 98 200

Shif estuary Water 84 16 100
Land 17 83 100
Total 101 99 200

Ziarat estuary Water 82 18 100
Land 22 78 100
Total 104 96 200
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maximum landward shift of − 51.84 m. In Area E, morphological 
changes intensified following construction activities after 2010. Erosion 
dominated (LRR = − 5.58 m yr⁻¹), with maximum NSM retreat reaching 
− 121.49 m Figs. 5 and 6 show NSM and Figs. 7 and 8 show LRR in the 
Bidkhoon estuary. Collectively, the Bidkhoon estuary exhibited a pre
dominantly erosional trend, with localized influences from hydrody
namic forcing and construction activities.

4.2. Shoreline dynamics in the Ziarat estuary

The Ziarat estuary, positioned at the mouth of the Mond River 
(Fig. 9), underwent the most substantial shoreline transformations 
among the three estuaries. Over a 28-year interval (1991–2019), 
changes in river course, aquaculture expansion, artificial channeling, 
and sea-level fluctuations substantially modified the shoreline. In Area 
A, the shoreline largely advanced seaward due to aquaculture devel
opment. Maximum NSM accretion reached +347 m, with an LRR rate of 
19 m yr⁻¹ . Area B showed high instability, characterized by maximum 
accretion of +503 m and maximum erosion of − 328 m. LRR values 
ranged between +14 m yr⁻¹ and − 12.25 m yr⁻¹ . In Area C, the longi
tudinal and transverse shifts of the Mond River caused shoreline read
justments. Maximum NSM advancement was +396 m, while erosion 

Table 4 
Overall Accuracy (OA), Kappa coefficient (k), User's Accuracy (UA), and Producer's Accuracy (PA) for shoreline extraction in the study estuaries.

Study site Validation samples OA (%) Kappa (κ) Water UA (%) Water PA (%) Land UA (%) Land PA (%)

Bidkhon estuary 200 87.0 0.74 86.3 88.0 87.8 86.0
Shif estuary 200 80.0 0.60 78.8 82.0 81.3 78.0
Ziarat estuary 200 83.5 0.67 83.2 84.0 83.8 83.0

Table 5 
Total shoreline position uncertinity (m) in each year.

Study sits Total Uncertinity year

Bidkhon estuary 10.24 1991
8.1 1995
6.3 2000
8.5 2005
5 2010
5.6 2014
4.5 2020

Ziarat estuary 9.75 1991
10.5 1995
8.2 2000
7 2003
6.7 2010
7.1 2015
5.3 2019

Shif estuary 8.1 2000
9 2007
6.8 2010
5 2014
4.1 2020

Fig. 4. Shoreline extraction using MNDWI on Landsat imagery along the Bidkhoon estuary (1990–2020), The line colors show the date of shoreline extraction, This 
coastline was segmented into five (A,B,C,D,E) distinct zones.
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reached − 12.25 m yr⁻¹ (LRR). Area D displayed the most dramatic 
changes following 2015, with severe erosion (NSM = − 855.09 m; LRR =
− 34.71 m yr⁻¹) alongside localized accretion of +256.81 m (NSM). In 
Area E, retreat dominated, with maximum NSM erosion of − 989.86 m 

and an annual regression rate of − 57.92 m yr⁻¹ (LRR). Figs. 10 and 11
show NSM and Figs. 12 and 13 show LRR in the Ziarat estuary.

Fig. 5. Shoreline change (1990–2020) using the Net shoreline changes (NSM) (m) along the Bidkhoon estuary.

Fig. 6. Net shoreline changes (NSM) (m), shoreline accretion and erosion along the Bidkhoon estuary (1990–2020.
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4.3. Shoreline dynamics in the Shif estuary

The Shif estuary, one of the region’s most productive estuarine sys
tems, exhibited the highest magnitude of shoreline variability (Fig. 14). 
High-tide Landsat imagery revealed distinct patterns across two primary 
sectors. In Area A, located within the protected Helleh region, 

alternating cycles of advancement and retreat occurred from 2000 to 
2019. NSM recorded extreme erosion of − 2022 m and an annual LRR 
rate of − 57.67 m yr⁻¹ . Area B, adjacent to aquaculture sites and facing 
Shif Island, exhibited comparatively subtle changes. Maximum NSM 
values indicated − 166 m of retreat and +174.29 m of accretion, with 
LRR values varying from − 24.88 to +11.26 m yr⁻¹ . Overall, the Shif 

Fig. 7. Shoreline change rate (1990–2020) using the Linear regression rate (LRR) along the Bidkhoon estuary.

Fig. 8. Shoreline accretion and erosion rates using Linear regression rate (LRR) along the Bidkhoon estuary (1990–2020).
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estuary demonstrated a complex interplay between hydrodynamic 
forces and human modifications, resulting in both severe erosion and 
localized accretion. Figs. 15 and 16 show NSM and Figs. 17 and 18 show 
LRR in the Shif estuary.

Table 6 consolidates the mean, maximum erosion, and maximum 
accretion values for NSM and LRR across all three estuaries. The highest 
erosion (− 2332 m) and accretion (+1326 m) values occurred in the Shif 
estuary, while Ziarat recorded the strongest net retreat rates (LRR =
− 57.92 m yr⁻¹). Bidkhoon remained the most morphologically stable 
system.

5. Discussion

Shoreline evolution in estuarine environments results from the 
complex interaction of marine hydrodynamics, sediment supply, river 
discharge, coastal geomorphology, and human activities (Mishra et al., 
2026). Long-term monitoring of shoreline position is therefore essen
tial for understanding coastal dynamics and supporting sustainable 
management, particularly in ecologically sensitive estuaries where 
relatively small shoreline displacements may substantially affect coastal 
habitats and ecosystem functions (Nassar et al., 2018; Guchhait et al., 
2026). In the present study, multi-temporal Landsat imagery com
bined with MNDWI-based shoreline extraction and DSAS analysis was 
used to quantify shoreline changes in the three largest estuaries of 
Bushehr Province over approximately three decades. These three major 
estuaries located within or adjacent to protected coastal environments, 
including Nayband National Marine Park, the Mond Protected Area, and 
the Helle Protected Area. These environments support tidal wetlands, 
mangrove habitats, fisheries, migratory birds, and other coastal 

ecosystems that are highly sensitive to geomorphological changes. 
Furthermore, estuarine systems in arid regions generally receive limited 
freshwater inflow and sediment supply, making them particularly 
vulnerable to shoreline migration.

The Bidkhoon Estuary exhibited the lowest shoreline variability 
among the three investigated estuaries, indicating a comparatively sta
ble estuarine system despite the predominance of shoreline retreat. 
Although erosion was the dominant process along most transects, 
localized shoreline accretion suggests that sediment redistribution re
mains active within the estuary, reflecting the dynamic equilibrium 
commonly observed in estuarine environments where erosion and 
deposition occur simultaneously under the influence of tidal currents, 
wave action, and local sediment transport processes. Compared with 
river-dominated estuaries, Bidkhun receives no permanent freshwater 
inflow, and its shoreline evolution is therefore likely controlled pri
marily by marine processes and local sediment redistribution rather 
than by substantial variations in fluvial sediment discharge. However, 
because hydrodynamic conditions and sediment transport were not 
directly measured in the present study, these factors should be regarded 
as plausible explanations rather than confirmed mechanisms. The 
observed shoreline behavior is consistent with previous investigations 
along the Asaluyeh–Nayband coastal sector, which similarly reported 
moderate but spatially variable shoreline changes controlled largely by 
local geomorphological conditions rather than by a uniform regional 
trend (Salami et al., 2014; Parhizkar et al., 2019). Comparable shoreline 
responses have also been documented in estuarine environments outside 
Iran, including the Atlantic coast of Morocco (Moussaid et al., 2015), the 
Gulf of Khambhat (Jodhani et al., 2024), and southeastern Australia 
(Konlechner et al., 2020), where shoreline evolution has likewise been 

Fig. 9. Shoreline extraction using MNDWI on Landsat imagery along the Ziarat estuary (1990–2020). The line color show the date of shoreline extraction, This 
coastline was segmented into five (A,B,C,D,E) distinct zones.
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shown to depend strongly on estuarine morphology, sediment avail
ability, and local hydrodynamic processes.

The Ziarat Estuary exhibited substantially greater shoreline retreat 
than the Bidkhun Estuary, indicating a more dynamic estuarine envi
ronment along the northern Persian Gulf. Located at the mouth of the 
Mond River, this estuary is continuously influenced by the interaction 
between fluvial and marine processes, resulting in pronounced spatial 
variability in erosion and accretion. Similar shoreline behavior has 

previously been reported for the Mond River delta, where multi- 
temporal Landsat analysis identified the estuary mouth as the most 
geomorphologically active sector of the coastline (Taghavi-Moghadam 
et al., 2018). Comparable patterns have also been documented in 
other estuarine environments, where shoreline evolution reflects local 
sediment budgets and estuarine morphology rather than a uniform 
regional response (Appeaning Addo et al., 2011; Moussaid et al., 2015). 
The mean shoreline retreat observed in the present study (LRR =

Fig. 10. Shoreline change (1990–2020) using the Net shoreline changes (NSM) (m) along the Ziarat estuary.

Fig. 11. Net shoreline changes (NSM) (m), shoreline accretion and erosion along the Ziarat estuary (1990–2020).
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− 9.02 m yr⁻¹) is also comparable with erosion rates reported for other 
sediment-limited estuarine and river-mouth environments worldwide, 

including approximately − 10 m yr⁻¹ along the southern Sulina mouth of 
the Danube River and about − 18 m yr⁻¹ at the Yeşilırmak River mouth 

Fig. 12. Shoreline change rate (1990–2020) using the Linear regression rate (LRR) along the Ziarat estuary.

Fig. 13. Linear regression rate (LRR), shoreline accretion and erosion rates along the Ziarat estuary (1990–2020).
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(Luijendijk et al., 2018). Likewise, Gormüs et al., (2021) reported 
shoreline retreat rates of approximately − 18 m yr⁻¹ for the Danube 
Delta and − 22.6 m yr⁻¹ for the Yeşilırmak Delta, demonstrating that 
river-mouth environments commonly experience rapid shoreline 
adjustment in response to variations in sediment supply and coastal 
hydrodynamics.

Several regional studies suggest that the observed shoreline retreat 
may be associated with changes in sediment supply and coastal hydro
dynamics. Suspended sediment records from the Ghantareh hydrometric 
station indicate a declining trend in sediment discharge from the Mond 
River after 2001, attributed to upstream diversion dams and reduced 
regional precipitation (Ministry of Energy, 2011). Similar relationships 
between river regulation, sediment reduction, and shoreline retreat have 
been documented in many coastal environments. Ataol et al. (2019)
concluded that river regulation was the principal factor controlling 
long-term shoreline changes in the Kızılırmak Delta, whereas Syvitski 
et al. (2009) and Snoussi et al. (2002) demonstrated that sediment 
trapping behind dams substantially reduces sediment delivery to 
downstream coasts. Likewise, Kermani et al. (2016) showed that dam 
construction on the El Kebir and Djen-Djen rivers significantly decreased 
sediment inputs to the Bay of Jijel, thereby intensifying coastal erosion.

In addition, hydrodynamic studies have shown that the interaction 
between tidal currents and prevailing wind-driven circulation controls 
sediment redistribution along the Mond delta (Naeimi et al., 2010). 
Relative sea-level rise along the northern Persian Gulf, estimated at 
approximately 4 mm yr⁻¹ and potentially enhanced by regional subsi
dence (Etemadi et al., 2021), together with documented coastal 

inundation in the Mond delta (Taghavi Moghaddam, 2011), may further 
increase shoreline vulnerability. However, because sediment transport, 
subsidence, and sea-level change were not directly quantified in the 
present study, these factors are interpreted as plausible regional drivers 
supported by previous investigations rather than definitive causes of the 
observed shoreline retreat.

The Shif Estuary exhibited the greatest shoreline variability among 
the three investigated estuaries, as evidenced by the largest values of 
both erosion and accretion. Unlike the Bidkhun and Ziarat estuaries, 
where shoreline retreat predominated, the Shif Estuary displayed a 
complex spatial pattern characterized by localized erosion in some 
sectors and substantial shoreline advancement in others. This hetero
geneous behavior suggests that shoreline evolution in the estuary is 
controlled by highly dynamic sediment redistribution rather than by a 
uniform erosional trend. Similar spatial variability has previously been 
reported for the Helleh estuarine system, where severe erosion occurred 
near the Helleh Gulf, whereas sediment accumulation was observed 
along the Shif and Bushehr coastlines (Salami et al., 2014), supporting 
the spatial patterns identified in the present study.

The contrasting shoreline responses observed in the Shif Estuary are 
likely related to the interaction of riverine sediment supply, tidal cur
rents, and local anthropogenic activities. The Helleh River discharges 
freshwater and sediment into the estuary, providing an important 
sediment source that may promote localized accretion under favorable 
hydrodynamic conditions. In addition, aquaculture facilities established 
along parts of the estuary may modify local flow patterns and enhance 
sediment trapping, thereby contributing to shoreline advancement in 

Fig. 14. Shoreline extraction using MNDWI on Landsat imagery along the Shif estuary (1990–2020) The line colors show the date of shoreline extraction, This 
coastline was segmented into two (A,B) distinct zones.
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sheltered areas. However, these structures may also alter sediment 
redistribution pathways and increase erosion elsewhere along the 
shoreline. Similar effects of coastal infrastructure on sediment transport 

and shoreline evolution have been reported in other estuarine envi
ronments (Dugan et al., 2011; Jiang et al., 2024). Nevertheless, because 
hydrodynamic processes and sediment transport were not directly 

Fig. 15. Shoreline change (1990–2020) using the Net shoreline changes (NSM) (m) along the Shif estuary.

Fig. 16. Net shoreline changes (NSM) (m), shoreline accretion and erosion along the Shif estuary (1990–2020).
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measured in this study, these factors should be considered plausible 
mechanisms rather than definitive causes of the observed shoreline 
changes.

The shoreline dynamics identified in the Shif Estuary are also 
consistent with observations from comparable estuarine environments 
worldwide. For example, Khanmohamadi et al., (2019) reported the 

Fig. 17. Shoreline change rate (1990–2020) using the Linear regression rate (LRR) along the Shif estuary.

Fig. 18. Linear regression rate (LRR), shoreline accretion and erosion rates along the Shif estuary (1990–2020).
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coexistence of erosion and extensive shoreline progradation along the 
Iranian coast of the Oman Sea, demonstrating the importance of 
spatially variable sediment transport in shaping coastal morphology. 
Likewise, Salauddin et al. (2018) documented simultaneous landward 
retreat (− 2680 m) and seaward advancement (+1897 m) at the Meghna 
River estuary in Bangladesh, highlighting that estuarine environments 
commonly exhibit alternating erosion and accretion owing to contin
uous sediment redistribution. These similarities indicate that the com
plex shoreline behavior observed in the Shif Estuary represents a 
characteristic response of sediment-rich estuarine systems rather than 
an isolated regional phenomenon. Similar spatially heterogeneous 
shoreline responses have been reported for estuarine systems in different 
parts of the world, including the Mediterranean coast, the Bay of Bengal, 
the Black Sea, and southeastern Australia, where long-term shoreline 
evolution has been shown to vary substantially even between neigh
boring estuaries because of differences in sediment budgets, tidal re
gimes, and coastal morphology (Mukhopadhyay et al., 2012; Moussaid 
et al., 2015; Konlechner et al., 2020; Gormüs et al., 2021).

The comparison of the three estuaries demonstrates that shoreline 
evolution along the northern Persian Gulf is highly site-specific, even 
within a relatively limited geographical region. Bidkhun exhibited 
comparatively stable shoreline behavior, reflecting the dominance of 
marine processes under limited fluvial sediment input. In contrast, the 
Ziarat Estuary experienced the greatest erosion, highlighting the sensi
tivity of river-mouth environments to variations in sediment supply and 
coastal hydrodynamics. The Shif Estuary displayed the highest spatial 
variability, characterized by the coexistence of erosion and accretion, 
indicating that sediment redistribution processes remain highly active 
within this estuarine system.

Despite these contributions, several limitations should be acknowl
edged. Although shoreline extraction uncertainty associated with image 
registration, digitization, tidal stage, and sensor characteristics was 
minimized through geometric correction, the use of stable ground con
trol points, comparable High Water Level (HWL) conditions, and 
consistent Landsat spatial resolution, the study did not directly quantify 
sediment transport, hydrodynamic processes, subsidence, or relative 
sea-level rise. Consequently, these factors were interpreted using sup
porting regional studies rather than direct field measurements. Future 
investigations integrating remote sensing with hydrodynamic modeling, 
sediment budget analyses, continuous GPS observations, and higher- 
resolution satellite or UAV imagery would improve the understanding 
of the physical mechanisms controlling shoreline evolution in the 
northern Persian Gulf.

6. Conclusion

Multi-temporal Landsat imagery combined with the Digital Shoreline 
Analysis System (DSAS) successfully characterized three decades of 
shoreline evolution in the Bidkhhoon, Ziarat, and Shif estuaries along 
the northern Persian Gulf. The results demonstrate that shoreline 
behavior differs markedly among neighboring estuaries, indicating that 
coastal evolution is governed by local environmental conditions rather 
than by a uniform regional trend.

Among the investigated estuaries, Ziarat experienced the most 
persistent shoreline retreat, whereas Bidkhhoon showed moderate 
erosion and Shif exhibited the greatest spatial variability, with erosion 
and accretion occurring simultaneously in different sectors. These con
trasting patterns emphasize the dynamic nature of estuarine coastlines 
and the importance of evaluating shoreline changes at the local scale.

The observed shoreline changes are consistent with regional evi
dence of variations in sediment supply and coastal hydrodynamics, 
although the relative contribution of individual processes could not be 
quantified within the scope of this study. Consequently, further in
vestigations integrating hydrodynamic modelling, sediment transport 
measurements, and higher-resolution observations are required to better 
understand the mechanisms controlling shoreline evolution.

Overall, the findings provide an updated understanding of long-term 
shoreline dynamics in the northern Persian Gulf and establish a refer
ence dataset for future coastal monitoring and environmental manage
ment of these estuarine systems.
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