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Abstract: The classification and morphometric characteristics of beaches is crucial for understanding coastal dynamics, evaluating
natural and anthropogenic pressures, and supporting effective coastal management and conservation strategies. This is particularly
important for countries like Tiirkiye, where extensive and diverse coastlines play a key role in tourism, the economy, and ecological
sustainability. This study presents the first comprehensive, nationwide inventory and characterisation of Tiirkiye’s beaches, encompassing
its 8483 km coastline. Using satellite imagery, 6110 beaches were identified and classified according to environmental conditions, with
analyses conducted on their morphological characteristics, sea boundaries, and provincial distributions. The results show that rocky
coast and river-mouth beaches constitute 81% of the total beaches but only 46% of the total beach length. Conversely, deltaic and low-
lying beaches represent just 2.6% of the total number but comprise 37% of the total length, highlighting their significance despite their
scarcity. Along the Mediterranean and Black Sea coasts, where mountain ranges extend parallel to the shoreline, beaches are fewer in
number yet tend to be longer and broader. In contrast, the tectonically active and highly indented Aegean Sea coastline, with numerous
bays, gulfs, and peninsulas, has the highest beach density, though these beaches are generally shorter. These findings underscore the
role of coastal morphology and geological processes in shaping beach characteristics. In addition to natural factors, anthropogenic
activities strongly influence Tiirkiye’s coasts: while coastal engineering structures have reshaped many Black Sea beaches, construction
and tourism pressures are most evident along the Aegean coast, with Mediterranean beaches showing the highest proportion of human
impact relative to their total number. This comprehensive analysis provides essential data to guide sustainable coastal management and
conservation strategies in Tiirkiye.
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1. Introduction

Coastlines are dynamic interfaces where marine
and terrestrial systems converge, making them both
ecologically significant and susceptible to natural processes
and anthropogenic pressures (Halpern et al, 2015).
These regions are amongst the most densely populated
worldwide, supporting a substantial proportion of the
global population (Ramesh et al., 2015; Luijendijk et al.,
2018; MacManus et al., 2021). Consequently, coastal zone
analysis is fundamental for effective coastal management
and conservation (Bird 2008; Mishra et al., 2025).

Coastal areas host diverse landforms, including
rocky cliffs, tidal flats, and beaches (Davidson-Arnott,
2010). Among these, beaches are significant as they
attract tourism activity, thereby intensifying pressures on
already sensitive environments. Beaches occur between
the interface of the atmosphere, ocean, and land, and are
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dynamic landforms composed of loose, unconsolidated
sediments such as sand, gravel, or cobbles, deposited and
reshaped by waves, currents, and tides (Wright and Short,
1984; Daniels, 1999; Anthony, 2005; Bird, 2008; Davidson-
Arnott, 2010). These dynamic systems undergo continuous
change across temporal and spatial scales (Larson and
Kraus, 1994; Burvingt et al., 2017), shaped by the complex
interactions among natural processes, local geology and
geomorphology, climate change (especially sea-level rise),
and anthropogenic activities (Kuleli and Bayazit, 2022;
Monioudi et al., 2023; Zhang et al., 2024).

Beach classification provides an essential framework for
understanding the diversity of beach systems. Numerous
classification approaches exist, focusing on environmental
characteristics such as morphology, sedimentology, and
hydrodynamics (Wright and Short, 1984; Jennings and
Shulmeister, 2002; Short, 2006; Scott et al., 2011; Klein and
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Short, 2016; Bunicontro et al., 2020). However, a universal
classification system remains elusive due to the inherent
complexity of coastal dynamics (Wolff et al, 2018).
Moreover, many existing classifications often rely on large
observational datasets, limiting their applicability beyond
the regions where they were developed (Scott et al., 2011).

Advances in remote sensing techniques and geographic
information systems (GIS) have significantly enhanced
coastal research, enabling the mapping and monitoring of
beaches on regional and global scales (Short, 2006; Klein
and Short, 2016; Luijendijk et al., 2018; Vousdoukas et
al,, 2020). High-resolution satellite imagery, particularly
from platforms such as Google Earth (GE) Pro, provides
powerful tools for identifying beaches, assessing
shoreline change, and generating critical data for coastal
management (Chettiyam Thodi et al., 2023). GE Pro offers
freely accessible imagery with a spatial resolution of 0.5-1
m, facilitating accurate beach detection and morphometric
analysis (Luijendijk et al., 2018; Warnasuriya et al., 2020).
Additionally, the availability of multitemporal imagery
enables the analysis of historical shoreline change (Lesiv
etal., 2018).

Despite Tiirkiye’s extensive 8483 km coastline, which
constitutes one of the longest and most diverse coastal
systems in the Mediterranean and Black Sea region, a
comprehensive nationwide assessment of its beaches has
been lacking. Previous research has focused mainly on
large-scale coastal environments such as deltas, localised
shoreline changes, or pollution studies, thus addressing
only limited aspects of beaches (Cetin et al., 1999; Karsli et
al.,2011; Guneroglu, 2015; Ozpolatand Demir, 2019; Aydin
et al., 2023; Kilar et al., 2025; Terzi et al., 2025). Broader
studies of Tiirkiye’s coastal zone have generally overlooked
beaches as distinct geomorphic units, focusing instead on
general shoreline characteristics (Erol, 1990; Karaca and
Nicholls, 2008; Uzun and Celik, 2014; Kuleli, 2015; Kuleli
and Bayazit, 2022). Consequently, a critical need remains
for integrated and comprehensive assessments of beaches
at the national scale.

This research addresses this gap by presenting the first
nationwide inventory and characterisation of Tiirkiye’s
beaches. Using high-resolution satellite imagery from
GE Pro, all beaches along the Turkish coastline were
identified and their morphometric properties analysed.
Beyond simple mapping, this study introduces a novel
classification framework incorporating environmental
conditions and anthropogenic influences. This integrated

approach provides a nuanced understanding of the diverse
coastal environments across Tiirkiye, highlights the key
natural and human factors shaping beach morphology
and dynamics, and delivers a critical baseline for effective
coastal management and conservation strategies.

2. Study area
Located between 36° and 42° north latitude, Tiirkiye is a
large peninsula that serves as a natural bridge between
Europe and Asia. The Black Sea borders it to the north,
the Mediterranean Sea to the south, the Aegean Sea to
the west, and the Sea of Marmara at its centre (Figure
l1a). The coastline extends for 8483 km, of which 38.5%
lies along the Aegean Sea, 23.9% along the Mediterranean
Sea, 20.3% along the Black Sea, and 17.3% along the Sea of
Marmara (ONHO, 2008) (Figure 1b). Out of Tiirkiye’s 81
provinces, 28 are coastal, accommodating 55% of the 85.4
million national population (TUIK, 2024)." Tiirkiye is also
a major global tourism destination, attracting 56 million
international visitors in 2023 (KTB, 2024).2 In addition, it
ranks third globally in the number of Blue Flag-certified
beaches, with 567 such designations (Blue Flag, 2024).’
The geological evolution of Tiirkiye, shaped by the
interaction of the Anatolian, Eurasian, African, and
Arabian tectonic plates (Sengdr and Yilmaz, 1981), has
created a highly diverse coastal landscape. From the cliffs
of the Black Sea to the extensive deltas along the Aegean
and Mediterranean, coastal morphology reflects both long-
term geological evolution and active tectonic processes
(Furlani et al., 2014). The North Anatolian and Taurus
mountain ranges and fault systems in the tectonically
dynamic Aegean region exert strong controls on coastal
morphology (Karaca and Nicholls, 2008). For example,
the Northern Anatolian ranges are parallel to the Black Sea
coast, creating cliffs and narrow lowlands (Kuzucuoglu et
al., 2019). As a geologically young and tectonically active
country, Tiirkiye has pronounced topographic relief
(Sengor and Yilmaz, 1981; Bozkurt, 2001), which has
led to the development of numerous river basins. Many
beaches form at the mouths of these fluvial systems.
Opverall, Tiirkiye’s coastline can be categorised into 3 major
geomorphological types (Erol 1990): 1) erosional rocky
and softer cliff coastlines, which constitute the majority
(69%) of the total coastline length; 2) accretional sandy
coasts, representing 19% of the coastline; and 3) accretional
deltaic coasts, often associated with swampy areas, which
account for the remaining 12% of the total length.

ITUIK (Turkish Statistical Institute) (2024). National Information Portal (NIP) [online]. Website https://nip.tuik.gov.tr/ [accessed 14 April

2024] (in Turkish)

2KTB (Republic of Tiirkiye Ministry of Culture and Tourism) (2024). 2023 Was a Record Year for Tourism [online]. Website https://basin.ktb.
gov.tr/TR-365098/2023-turizmde-rekor-yili-oldu.html [accessed 10 October 2024] (in Turkish).

?Blue Flag (2024). All Blue Flag Sites [online]. Website https://www.blueflag.global/all-bf-sites [accessed 13 December 2024].
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Figure 1. (a) Sea surface currents and SSTs around Tiirkiye, showing prevailing current directions in the
Black Sea, Marmara Sea, Aegean Sea, and Mediterranean Sea (Besiktepe et al., 1994; Olson et al., 2007;
Rio etal., 2007; Tagil et al., 2024), as well as the Koppen—Geiger climate classifications for Tiirkiye’s coastal
regions (Tagoglu et al., 2024). (b) Coastline segments that were used for beach classification in this study.

Tiirkiye’s coastline is characterised by a temperate
climate with notable regional variations. According to
the Koéppen-Geiger climate classification system (Tasoglu
et al., 2024), the Mediterranean, Aegean, and much of
the Marmara coasts are dominated by a hot-summer
Mediterranean climate (Csa). In contrast, the Black Sea
coast experiences a humid subtropical climate (Cfa) and
a temperate oceanic climate (Cfb) (Figure la). These
climatic differences influence weathering processes,
vegetation cover, and ultimately, sediment supply to
coastal environments.

Thesurroundingseasalsodisplaydiversehydrodynamic
characteristics. The Turkish Straits system, comprising the
Bosphorus and the Dardanelles, connects the Black Sea,
the Sea of Marmara, and the Aegean Sea, representing one
of the most significant waterways in the world. Current
directions vary considerably among regions (Figure la).
Surface currents generally flow west to east in the Black
Sea, while along the Mediterranean coast, they flow east
to west (Rio et al., 2007). In the Sea of Marmara, surface
currents flow from the Black Sea towards the Aegean Sea
(Besiktepe et al., 1994). In the Aegean Sea, circulation is
more complex, with a predominantly north-south flow in
the north and a south-north flow in the southern section
(Olson et al, 2007). These current systems strongly
affect the spatial distribution of sea surface temperatures
(SSTs). The average SST ranges between 20 and 24 °C in
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the Mediterranean Sea, 16-20 °C in the Aegean Sea, and
14-18 °C in the Black Sea (Tagil et al., 2024). Projections
from time-series analysis indicate that SSTs along Tiirkiye’s
coasts will increase by an average of 1.5 °C by 2050 (Bilgili
et al., 2024). Such changes will likely influence coastal
ecosystems, impacting beach morphology and stability.

3. Data and methods

3.1. Delination of beaches

This study manually identified and vectorised beaches
using high-resolution GE Pro imagery captured between
2020 and 2023. Since GE Pro imagery does not provide
uniform coastline-wide datasets for a single date, the
most recent images available for each region were used
(Luijendijk et al, 2018). This ensured the delineation
of beaches in their most up-to-date condition. Beach
boundaries were mapped by tracing the extent of
unconsolidated sediments between the visible landward
limit and the seaward shoreline (Figure 2a).

For each beach, morphometric parameters including
length, width, and area were calculated using GIS tools
(Figure 2a). The length and width of each beach were
determined by measuring the maximum extent of the
beach (i.e. the widest and longest sections). The same
measurement protocol was applied consistently across
all sites to ensure comparability. Beyond morphometry,
beaches were classified based on environmental conditions,
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including geomorphological settings, and visible signs of
anthropogenic influence (Figure 2b). To assess long-term
anthropogenic impacts, historical GE Pro imagery (2000-
2019) was compared with the most recent imagery (2020-
2023), enabling the detection of beach changes associated
with construction and tourism activities (Figure 2c). The
results were visualised through scatter plots, bar and pie
charts, and thematic maps (Figure 2d), which facilitated
the identification of regional patterns and hotspots of
beach change or human influence.

In addition to satellite images, supplementary sources
such as user-contributed photographs from GE Pro and
aerial photographs available through TRIPinVIEW
were consulted to support classification. The study also
incorporated ground-truth observations collected during
extensive fieldwork campaigns along various sections
of Tiirkiye’s coasts since 2005. Field photographs and
observations served as supplementary data, enriching the
analysis and critically validating satellite-derived results.
Integrating remote sensing with field-based evidence
significantly enhanced the reliability and robustness of the
beach inventory and its subsequent characterisation.

Once beaches were delineated and morphometric
parameters were extracted, descriptive statistics (e.g.,
totals and means) and correlation analyses were performed
across seas, provinces, and morphological types to explore
spatial distribution and interrelationships. Correlation
analysis was used to assess relationships among
morphometric parameters and to better understand how
beach characteristics vary across coastal settings.

3.2. Classification of beaches

This study used a dual-criteria classification system
based on geographical setting and the degree of human
influence. The framework was developed specifically
for Tirkiye’s coasts, synthesising geomorphological,
oceanographic, and geological characteristics with direct
field observations and visible anthropogenic pressures.
Unlike earlier global or regional classifications, this system

is tailored to reflect the diversity of Tiirkiye’s beaches
while acknowledging the interplay between natural
and human-driven processes. This typology recognises
natural morphogenetic environments and the increasingly
significant role of human activities in reshaping Tiirkiye’s
coasts.

In this study, 7 distinct beach categories were identified.
Schematic representations of these categories are shown in
Figure 3, field photographs in Figure 4, and satellite images
in Figures 5 and 6.

(1) River-mouth beaches: located at the river outlets,
shaped by sediment transported and deposited at the
mouth (Figures 3a, 4a, and 4b).

(2) Rocky coast or rocky shore beaches: narrow
beaches formed along rocky shorelines or cliff bases with
coarse sediments (Figures 3b, 4c, and 4d).

(3) Low-lying coast beaches: situated on broad valleys
and low plateaus, typically without forming deltas (Figures
3¢, 4e, and 4f).

(4) Deltaic beaches: extensive beaches composed of
fine sediments within delta regions (Figures 3d and 4g).

(5) Tombolo and coastal spit beaches: depositional
features created by longshore sediment transport extending
into the sea (Figures 3e, 4h, and 4i). These two beach
types were considered together in the classification due
to their similar formation mechanisms and comparable
morphological dynamics.

(6) Human-structure beaches: beaches developed
with coastal engineering works such as breakwaters, spurs,
or harbours (Figures 3f and 5a-5d).

(7) Mixed (or compound) beaches: environments
where natural and anthropogenic processes are
inseparably integrated, e.g., river-mouth beaches merging
with engineered structures (Figures 3f and 5e-5f). This
category recognises the complex interplay between
natural and anthropogenic forces in shaping many coastal
environments.

Human impacts on Tiirkiye’s beaches were evaluated
using satellite imagery and field evidence. Two primary

(@ (b)
Extraction of beaches using Classification of
Google Earth Pro images beaches based on
(2020-2023) and calculation locations
morphometric parameters )

Assessing human activity
on beaches using
satellite imagery
and aerial photos

(© d)

Mapping and charting of
the beach statistics based on province
boundaries and seas

B ~

Figure 2. Workflow diagram illustrating beach mapping and analysis methodology.
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Figure 3. Schematic representation of the beach classifications used in this study.

indicators were used: 1) the expansion of construction
into beach areas over time (Figure 6a-6b), and 2) visible
tourism-related activities, such as beach clubs, sunbeds,
and recreational facilities (Figure 6¢). By comparing
historical and recent imagery, construction encroachment
was identified, while field photographs provided evidence
of tourism pressures. This combined approach enabled
a comprehensive assessment of the spatial distribution,
intensity, and nature of human impacts across Tiirkiye’s
beaches, highlighting areas where anthropogenic pressures
are most pronounced.

4. Result

4.1. Total number and size of beaches

This study identified a total of 6110 beaches along the
coastline of Tiirkiye. Their distribution by sea is as follows:
19% (1156) are located along the Black Sea, 20% (1213)
along the Sea of Marmara, 46% (2836) along the Aegean
Sea, and 15% (935) along the Mediterranean coast (Figure
7a, Table 1). This distribution reflects the contrasting
geomorphology settings and coastal processes across
Tirkiye’s different sea regions.

The combined total beach length in Tiirkiye is 2890
km, corresponding to 34% of the national coastline.
The average beach length is 473 m, though considerable
regional variation exists. Despite hosting the most beaches,
the Aegean Sea is characterised by relatively short and
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narrow beaches, with an average length of 315 m and a
width of 18 m (Figure 7b-7d, Table 1). This pattern is linked
to the highly indented and tectonically active coastline,
dominated by bays, gulfs, and peninsulas. In contrast,
the Mediterranean and Black Sea coasts, where mountain
ranges run parallel to the shoreline, host fewer beaches but
with much greater dimensions. Mediterranean beaches are
on average 2.4 times longer than Aegean beaches, while
Black Sea beaches are about twice as wide. As a result, the
mean beach area in both regions is 4 times larger than in
the Aegean and Marmara Seas. Although relatively rich in
the number of beaches, the Sea of Marmara has modest
dimensions in both length and width.

At the provincial level, variations are more pronounced
(Figures 8a-8d). Mugla has the most beaches (1342),
followed by Izmir, Canakkale, and Balikesir, each with
more than 500 beaches (Figure 8a, Table 1). These
provinces highlight the concentration of short, small-
scale beaches typical of the Aegean coast (Figure 8b).
By contrast, Sakarya Province on the Black Sea hosts
the longest beaches, including 3 deltaic beaches with an
average length of 18 km. Other provinces with considerable
average beach lengths (>900 m) include Adana, Antalya,
Edirne, Diizce, and Sinop. This reflects the dominance of
vast coastal plains and deltaic settings in these regions.

After excluding extreme values to focus on the
representative 98% of beaches, beach lengths range from
13 to 6587 m, width from 3 to 144 m, and area from 55
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Figure 4. Examples of naturally formed beaches. (a and b) River-mouth beaches at Butterfly Valley (Mugla) and Marmara
Island (Balikesir), respectively; (c and d) rocky coast beaches at Anamur (Mersin) and Bozcaada Island (Canakkale),
respectively; (e and f) low-lying coastal beaches at Sile (Istanbul) and Anamur (Mersin), respectively; (g) deltaic beach at
Karacabey Delta (Bursa); (h) tombolo beach at Anamur (Mersin); and (i) coastal spit beach at Oliideniz (Mugla).

Figure 5. Examples of human-structure beaches. (a and b) Beaches in Giresun Province, (¢ and
d) beaches in Fatsa (Ordu Province), and (e and f) mixed beaches in Giresun and Rize Provinces.
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Figure 6. (a and b) Construction on Geyikli Beach (Canakkale) and
(c) an example of a tourism beach from the Sile coast (Istanbul).
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Figure 7. Beach characteristics by sea. (a) Total number,
(b) average length, (c) average width, and (d) average area.
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Figure 8. Spatial distribution of beach characteristics by province. (a)
Total number, (b) average length, (c) average width, and (d) average area.
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Table 1. Beach statistics by province and sea (TNB: total number of beaches, AvL: average length, AvA: average area, AvW: average
width, Rek: total number of rocky coast beaches, RvrM: total number of river-mouth beaches, Delta: total number of deltaic beaches,
Spit: total number of coastal spit and tombolo beaches, LowL: total number of low-lying coastal beaches, Str: total number of human-
structure beaches, Mix: total number of natural and human-structure beaches, Cnst: total number of beaches with construction, and
Trzm: total number of beaches with tourism activities).

TNB AvL AvA AvW  Rck  RvrM  Str Mix Delta LowL Spit Cnst Trzm

Adana 50 2413 91,591 72 18 8 14 2 4 4 0 17 21
Antalya 257 1001 47,321 37 144 52 25 10 5 20 1 59 105
Artvin 23 293 7759 34 7 10 6 0 0 0 0 3 2
Aydin 200 330 6906 21 130 38 23 3 3 1 2 32 55
Balikesir 575 378 6070 16 403 105 44 11 7 1 4 106 60
Bursa 127 505 11,903 23 81 13 26 3 2 2 0 21 21
Canakkale 605 620 9936 24 379 139 51 11 16 4 5 84 38
Edirne 47 1269 34,588 35 34 3 3 1 4 2 0 7 2
Giresun 108 309 8498 38 33 10 48 17 0 0 0 19 11
Hatay 146 726 22,601 32 41 26 52 23 2 2 0 33 22
Mersin 253 617 22,356 32 163 48 17 8 5 10 2 45 80
Istanbul 347 512 15,396 34 234 57 46 3 1 4 2 66 42
[zmir 933 255 4562 16 650 166 86 8 8 5 10 157 148
Kastamonu 96 604 12,199 30 69 10 14 3 0 0 0 16 4
Kirklareli 83 395 11,460 36 61 18 2 1 0 1 0 5 4
Kocaeli 206 190 4407 21 144 34 26 1 0 1 0 16 13
Mugla 1342 191 3278 14 870 339 91 12 14 8 8 176 189
Ordu 98 607 14,518 37 46 20 18 14 0 0 0 26 11
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Table 1. (Continued).

Rize 65 260 5912 39 12 17 30 6 0 0 0 18 11
Sakarya 3 18,308 999,699 151 0 0 0 0 3 0 0 1 2
Samsun 26 7057 617,052 96 4 6 9 3 4 0 0 12 5
Sinop 77 983 16,300 43 43 17 13 3 0 1 0 16 8
Tekirdag 114 773 10,339 21 68 17 19 8 0 2 0 40 8
Trabzon 101 270 7491 52 10 6 72 13 0 0 0 12 8
Zonguldak 67 476 13,496 38 36 15 10 5 1 0 0 17 11
Bartin 54 351 10,950 38 39 7 5 2 0 0 1 11 7
Yalova 87 576 7340 22 36 8 30 3 10 0 0 25 18
Diizce 20 970 26,390 34 11 7 1 0 1 0 0 4 2
Black Sea 1156 657 28,732 40 633 199 236 68 9 8 3 199 121
Sea of Marmara 1213 451 6412 17 764 178 207 29 26 5 4 230 99
Aegean Sea 2836 315 5577 18 1878 628 218 34 38 18 22 426 429
Mediterranean Sea 905 762 30,643 33 491 191 120 43 17 37 6 189 259

to 204,000 m? (Table 1). Correlation analysis highlights
strong interdependencies among these parameters. A
strong positive correlation is observed between length and
area (r = 0.87) (Figure 9a), indicating that longer beaches
tend to have larger areas. In contrast, the relationship
between length and width (r = 0.3) (Figure 9b) and width
and area (r = 0.29) (Figure 9¢c) is weak, suggesting that
width is a more variable parameter influenced by local
geomorphology and wave dynamics rather than scaling
directly with length.

4.2. Beach types

Building on the general distribution and morphometric
characteristics of beaches presented in Section 4.1, this
section examines the diversity of beach types along
Tiirkiye’s coasts. Classification by geomorphology and
human influence shows pronounced contrasts between
the abundance of certain beach types and the spatial
dominance of others (Figures 10-12)

Rocky coast beaches are the most prevalent beach
type in Tiirkiye, comprising 61.6% (3766 beaches) of the
total (Figure 10a). Despite their high number, rocky coast
beaches are the smallest in size, averaging 172 m in length,
14 m in width, and 2000 m?® in area (Table 2, Figures 10b
and 10d). Their total length (649 km) represents 22% of
the national total, ranking them as the third longest beach
type. This highlights a contrast between abundance and
spatial extent: while numerically dominant, rocky beaches
contribute relatively little to the overall coastal length.

River-mouth beaches, the second most common type,
account for 19.6% (1196 beaches) of the total (Figure 10a).
Although larger than rocky coast beaches, they remain
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relatively short, averaging 565 m in length and 35 m in
width (Figures 10b and 10c). Their cumulative length
(675 km) makes them the second longest beach type.
Nearly half of both rocky coast and river-mouth beaches
are concentrated along the Aegean Sea coast (Figures
11a and 11b), particularly in Mugla and Izmir provinces
(Figure 12b). This concentration reflects the rugged
peninsulas, karstic formations, and numerous short valleys
characteristic of these regions.

Human-influenced beaches constitute a substantial
share of Tirkiye’s coastline. Human-structured beaches,
shaped by coastal engineering, comprise 12% of the total
(781). In contrast, mixed (or compound) beaches, which
combine natural processes with artificial structures,
represent 2.8% (174 beaches) (Figure 10a). Human-
structure beaches are small, averaging 262 m in length and
29 m in width, making them the second smallest type after
rocky coasts. Mixed beaches, however, are significantly
larger, averaging 1353 m in length and 59 m in width. This
makes them 5 times longer and twice as wide as human-
structured beaches.

Geographically, human-structure beaches are common
along the Black Sea, Aegean Sea, and Sea of Marmara
coasts, whereas mixed beaches are particularly prevalent
along the Black Sea (Figures 11c and 11d). Provinces such
as Mugla, [zmir, and Trabzon have the highest number
of structured beaches, while Hatay and Giresun stand
out for mixed beaches (Figure 12¢ and 12d). On average,
34 beaches per province are directly linked to human
construction, underscoring the scale of anthropogenic
modification along Tiirkiye’s coasts.
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Figure 10. Beach statistics by type (TNB: total number of beaches, AvL: average length, AvA: average area, AvW: average width,
Rck: rocky coastline beaches, RvrM: river-mouth beaches, Str: beaches with human structures, Mix: beaches with a combination of
natural and human structures, Delta: deltaic beaches, LowL: low-lying coastal beaches, and Spit: coastal spit and tombolo beaches).

Table 2. Beach statistics according to beach types (Y: yes, N: none; for other abbreviations, please refer to Table 1).

Rck RvrM Str Mix Delta LowL Spit Cnst (Y) Cnst(N) Trzm (Y) Trzm (N)
TNB 3766 1196 781 174 90 68 35 1044 5066 908 5202
AvL 172 565 262 1353 7722 5488 1648 1515 258 1640 269
AVW 14 35 29 59 99 90 83 46 19 49 20
AvA 2006 11,822 4713 34,403 410,720 210,078 55,098 54,750 5405 64,223 5042

Among the natural types, deltaic beaches, low-
lying coastal beaches, and spit-tombolo systems form a
smaller share of the total. Deltaic beaches represent 1.5%
(90 beaches), low-lying beaches 1.1% (68 beaches), and
spit-tombolo beaches only 0.6% (35 beaches). Despite
their rarity, these beach types dominate in terms of size.
Deltaic beaches are by far the largest, with an average
length of 7722 m and a width of 99 m, resulting in a
cumulative length of 694 km. Low-lying beaches average
5488 m in length, contributing 373 km in total (Figures
10b-10d). Together, these two categories account for 87%
of Tiirkiye’s 33 beaches longer than 10 km, showing their

disproportionate contribution to coastal length and area.
Spit and tombolo beaches, while limited in number, also
have above-average sizes, averaging 1648 m in length and
83 m in width.

Regional comparisons further emphasise these
differences. Rocky and river-mouth beaches dominate
the Aegean coast (Figures 12a and 12b). At the same time,
the Black Sea, despite its steep topography and numerous
valleys, has fewer natural rocky and river-mouth beaches
due to extensive coastal engineering. Instead, structure
and mixed beaches are more common in the Black Sea
and Marmara regions (Figures 12c and 12d). Conversely,

863



Total number of beaches

OZTURK et al. / Turkish J Earth Sci

(a) Rek (b) RvrM (c) Str (d) Mix (e) Delta (f) LowL. (g) Spit
2000 7001 250 701 40 25
[ 600} 35t
1600} 200 60 20}
5 500 50 30r
1200} 400k 150 40 25 15}
- 20
800} 300 100 30 15 10
200 20 10
400 IOOM 50 10 s sk
0 0 0 0 0 ol-r.v—l
* & * 0« < < -] < < < * « < c 9« ® <
=< = = =< = - =
2555 255§ 25 5% £:5%:5%§% 258§ =5i§f =5E&E
2z P 5 = g5 =2 9% B2 @5 RZEPE B PHE R =2 pE
T < E T < £ 5 < E s < E T < E 5 < E 5 < E
s 2 s i « 2 b 2 s 3 « ] = e
= = = = = = =

Figure 11. Total number of beach types by sea (for the abbreviations, see Table 1 and Figure 10).
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Figure 12. Spatial distribution of beach types by province. (a) Rocky coast, (b) river mouth, (c)
human structure, (d) mixed, (e) deltaic, (f) low-lying coastal, and (g) coastal spit and tombolo.
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deltaic and low-lying beaches are concentrated in the
Mediterranean, where vast coastal plains and major river
deltas (e.g., Cukurova, Goksu, and Asi) provide favourable
settings (Figures 12e and 12f). Spit and tombolo beaches
are particularly associated with western Anatolia, notably
in the Aegean region (Figure 12g).

Overall, small beaches (rocky, river-mouth, and
human-structure) are the most abundant, while longer
beaches that cover a larger area (deltaic, low-lying, and
spit-tombolo) are rarer. This contrast underscores the
interplay of geomorphological, hydrological, and human
factors shaping Tiirkiye’s diverse coastal environments.

4.3. Human impact on beaches

Human activities, particularly tourism and coastal
construction,  significantly  influence the spatial
distribution and characteristics of Tiirkiye’s beaches. Of
the 6110 beaches identified in this study, 908 (~15%) are
directly associated with tourism (Figure 13a). The Sea of
Marmara has the fewest tourism-related beaches (99).
The Aegean Sea has the highest total number of beaches
(429). However, the Mediterranean Sea has the highest
proportion of tourism-related beaches, with nearly one-
third (28.6%) linked to tourism (Figure 13a). At the

Black Sea Sea of Marmara
(@) 1 550
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( ?9)
89.5% 91.8%
(1035) (1114)
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1581,
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I Beaches with tourism activities
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Black Sea
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(©)
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[ Beaches without construction
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provincial scale, Mugla (189), Antalya (105), and Izmir
(148), located along the Aegean and Mediterranean coasts
are the primary tourism centres, consistent with their role
as Tirkiye’s leading coastal destinations. In contrast, most
provinces along the Black Sea host fewer than 10 tourism-
related beaches (Figure 13b).

Construction pressures are similarly widespread.
Satellite imagery analysis showed that 1044 beaches (17.1%
of the national total) show signs of coastal construction in
the past 20-30 years (Figure 13c). Mugla (176 beaches),
Izmir (157 beaches), Balikesir (106 beaches), and
Canakkale (84 beaches), all located along the Aegean
and Marmara coasts, have the highest concentrations of
constructed beaches (Figure 13d). These patterns align
geographically with the regions of most significant tourism
development. Indeed, a strong positive correlation (r = 0.9)
between the number of tourism-related beaches and the
number of human-structure beaches shows that tourism is
a key driver of coastal modification (Figure 13e).

The morphometric characteristics of impacted beaches
further underline this trend. Beaches with tourism activities
average 1640 m in length and 49 m in width, making them
approximately 6 times longer and 2.5 times wider than
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Figure 13. Tourism and construction impacts on beaches. (a) Proportion and total number of beaches with tourism activity by sea,
(b) number of tourism-related beaches by province, (c) proportion and total number of beaches with construction by sea, (d) number
of beaches with construction by province, and (e) correlation between tourism activity and construction (logarithmic scales).
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beaches without tourism (Table 2). Similarly, beaches with
construction are 5.8 times longer and 2.3 times wider than
unconstructed ones. These results suggest a preference for
larger, more accessible beaches for tourism development
and construction projects.

This means that tourism is spatially concentrated
along the Aegean and Mediterranean coasts and increases
pressure through associated construction. These processes
disproportionately transform the country’s longest
and most expansive beaches, reshaping natural coastal
dynamics and intensifying management challenges.

5. Discussion

5.1. Limitations in beach delineation

In recent years, numerous studies have relied on automated
or semiautomated shoreline extraction techniques applied
to satellite imagery (Mentaschi et al., 2018; Vousdoukas
et al., 2020; Mao et al., 2022). These approaches enable
efficient, long-term monitoring but often struggle with
capturing small-scale features or differentiating beaches
from adjacent coastal landforms. The present study used
manual digitisation based on recent high-resolution
imagery to overcome this limitation, prioritising local
accuracy over processing speed. Although manual
delineation is labour-intensive and subject to interpreter
bias, it has been widely adopted in coastal research when
fine-scale detail is required (Boak and Turner, 2005; Sesli
et al,, 2009; Kilar et al.,, 2025). This method does not
ensure consistency and reproducibility across interpreters
(Goodchild, 2011). Nevertheless, manual delineation
remains a robust and appropriate approach for a baseline
national-scale inventory.

Although this study provides the first comprehensive
inventory of Tiirkiye’s beaches using satellite imagery,
several limitations must be acknowledged, particularly
regarding accurately representing sedimentary and
morphological characteristics. One major challenge
was the influence of atmospheric tides, which can
distort apparent beach width in satellite images. While

astronomical tidal amplitudes are typically low in Tiirkiye
(approximately 10 cm for the M2 component) (Arabelos
et al,, 2011), wind-driven and pressure-induced tides can
temporarily widen or narrow visible beaches, leading to
under- or overestimation of their true extent (Figure 14a).
Challenges were also pronounced in dynamic coastal
environments, particularly lowlands, dune systems, and
deltas, as in other parts of the world (Figure 14b) (Boak
and Turner, 2005; Harley et al., 2019). Tiirkiye hosts at least
75 dune systems (Ering, 2001), alongside extensive deltaic
coasts, both of which are highly sensitive to wind, storms,
and wave action (Figure 14c) (Kilar et al., 2025). These
dynamic processes, often accelerated by climate change
and human activity, can rapidly shift shoreline positions,
complicating the accurate monitoring of beach formation
and erosion (Ekercin, 2007; Ranasinghe, 2016; Ataol et al.,
2019; Ozpolat and Demir, 2019; Monioudi et al., 2023).
Consequently, some coastal features such as spits were not
reliably detected, as also noted by (Kazanci et al., 2022).

5.2. Beach classification

The classification of coasts and beaches has long been a
central focus in coastal geomorphology (Fairbridge, 2004;
Finkl, 2004), with studies in this field extending over a
century (Johnson, 1919). Over time, various classification
systems have been developed, each tailored to specific
objectives and regional contexts (Wright and Short, 1984;
Anthony, 1998; Jennings and Shulmeister, 2002; Finkl,
2004; Scott et al,, 2011). These systems typically consider
multiple factors, including sediment grain size, tidal range,
coastal energy regimes, sediment transport processes,
morphological attributes, and broader geological
development (Fairbridge, 2004; Finkl, 2004)

Regional case studies highlight the diversity of these
approaches. In New Zealand, 3 distinct gravel beach types
were identified from field observations of 42 sites (Jennings
and Shulmeister, 2002). In Australia, a morphodynamic
framework categorised beaches into 15 types according
to tidal and wave conditions, which was subsequently
applied nationwide (Short, 2006). In Brazil, beaches were

Figure 14. Examples of limitations in beach delineation. (a) Kepez Beach (Canakkale) showing apparent width
increase due to atmospheric pressure-induced low sea level, (b) beach backed by a low dune system on Bozcaada
(Tenedos Island), and (c) eroded and newly formed beaches along the retreating shore of the Karacabey Delta (Bursa).
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classified according to dominant coastal processes and
geological and geomorphological settings (Dominguez,
2006; Klein and Short, 2016). Along the southwest coast
of England, storm-induced morphological changes were
analysed using cluster analysis, resulting in 4 beach groups
(Burvingt et al., 2017), while another study in the same
region identified 9 beach types based on morphological,
sedimentological, and hydrodynamic characteristics (Scott
et al,, 2011). Similarly, 4 beach types in Argentina were
distinguished in the Golfo Nuevo region using sediment
grain size, morphology, and morphometric parameters
(Bunicontro et al.,, 2020). At the global scale, coastlines
were recently categorised into 4 classes based on sediment
type, coastal form, and the presence or absence of human-
made modifications (Calkoen et al., 2025).

These examples show that beach classification schemes
are highly variable, reflecting the aims, methods, and
environmental settings of each study. Consequently, the
same beach may be classified differently depending on the
framework adopted. Furthermore, recent advances in GIS
and the availability of high-resolution coastal datasets have
enabled more sophisticated, multiparameter approaches
(Davidson-Arnott, 2010). Nevertheless, no single system
has fully addressed the diverse requirements of researchers
working across different spatial and temporal scales
(Fairbridge, 2004; Finkl, 2004).

Within this context, the present study introduces
a classification of beaches in Tiirkiye, grounded in
field observations, geomorphological characteristics,
and human impacts. This framework provides a first
step towards understanding the spatial variability of
Turkish beaches and offers a valuable baseline for future
comparative studies. Further refinement could be achieved
by integrating additional parameters such as sediment
grain size, wave and tidal dynamics, and more detailed
assessments of anthropogenic pressures. Such efforts
would enhance classification resolution within Tirkiye
and contribute to the broader international discourse on
coastal and beach classification.

5.3. Coastal morphology and beach characteristics of
Tiirkiye
Variations in beach number and size are strongly linked
to the coastal morphology of Tiirkiye’s different sea
regions. The tectonic activity of the Aegean Sea coast
has produced a highly indented coastline, resulting in
many beaches. However, numerous sheltered bays and
gulfs, combined with prevailing wind directions, have
limited the development of wide beaches in this region. In
contrast, the Mediterranean and Black Sea coasts—where
mountain ranges run parallel to the shoreline—host fewer
beaches. Yet, their exposure to more decisive wave action
has facilitated the formation of longer and wider beaches.
Turkiyes coastlines are predominantly wave-
dominated with low tidal amplitudes, and rocky shores

are widespread. This combination generally results in
relatively short and narrow beaches. The average beach
length (473 m) and width (24 m) in Tirkiye reflect
this trend, consistent with observations from other
Mediterranean regions. For example, Monioudi et al.
(2023) reported that many beaches in Cyprus are narrower
than 50 m. In contrast, beach lengths tend to be greater in
regions influenced by stronger tidal forces and higher wave
energy—such as Australia—and the average beach length
tends to be significantly longer (Short, 2006). Thus, while
broader oceanic conditions explain part of this variation,
local coastal morphology remains a decisive factor shaping
individual beach characteristics, as observed worldwide.

The interaction between geomorphological settings
and anthropogenic pressures varies considerably across
Tirkiye’s coastal regions. Along the Aegean coast, the
highly indented horst and graben morphology produces
many small beaches, which are heavily affected by tourism
and coastal development due to their accessibility and
attractiveness. In contrast, the Mediterranean coast
hosts a smaller number of longer and more expansive
beaches, where extensive tourism infrastructure exerts
intense pressure on natural systems. Along the Black
Sea, steep and rugged topography limits the number of
natural beaches. At the same time, large-scale engineering
projects such as the coastal highway have substantially
modified coastal morphology and reduced opportunities
for beach formation. The Sea of Marmara has moderate
levels of natural diversity and human use, reflecting its
mixed geomorphological structure and proximity to major
metropolitan areas.

These regional contrasts highlight that, much like
in other parts of the world, natural coastal morphology
governs the distribution and dimensions of beaches as
well as how human pressures manifest across different
environments.

5.4. Human impact, pollution, and climate change
Around 40% of the global population lives near coasts, and
this proportion continues to rise (Neumann et al., 2015).
However, this demographic trend contributes to the rapid
degradation of coastal geomorphology and ecosystems.
In many countries, coastal populations are growing
faster than inland populations. Combined with economic
expansion, this shift has intensified pressures on coastal
environments (Luijendijk et al., 2018; Robbe et al., 2024)
and accelerated coastal erosion driven by anthropogenic
influences (Mishra et al., 2025).

Tirkiye’s coasts have been particularly affected by rapid
and often unplanned urbanisation (Guneroglu, 2015).
The concentration of urban centres, the construction
of an extensive coastal road network, widespread land
reclamation projects, and the proliferation of ports and
wave-breaking structures (Figure 5) have significantly
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reduced the formation of natural beaches in Tirkiye.
The boom in coastal tourism has further accelerated
construction, particularly along the Mediterranean and
Aegean shores (Kuleli and Bayazit, 2022; Guneroglu et al.,
2024).

One of the most striking examples is the Black Sea
Coastal Road, which stretches approximately 540 km
across 6 Black Sea provinces—Samsun, Ordu, Giresun,
Trabzon, Rize, and Artvin. In particular, the coastal zones
of Artvin, Trabzon, Rize, and Giresun have undergone
extensive reclamation, with large sections of the highway
built on artificially created land, effectively burying the
original coastline (Yilmaz, 2008; Guneroglu, 2015). Along
the Central and Eastern Black Sea coasts, particularly
between Sinop and Artvin, 397 T-shaped groynes have
been identified, behind which beach formation processes
are still ongoing (Sitme et al, 2019). This large-scale
coastal engineering has fundamentally altered natural

coastal processes and hindered the development of many
natural beach types.

Despite Coastal Law number 3621 (Coastal Law,
1990)*, which prohibits construction within 50 m of the
shoreline, development persists. Findings from this study
show that construction has occurred on 17% of Tiirkiye's
beaches over the last 20 to 30 years.

Beyond physical infrastructure, plastic waste
accumulation poses another major anthropogenic threat
(Figure 15) (Gliven et al., 2017; Giindogdu and Cevik,
2019; Aydin et al,, 2023; Sener and Yabanli, 2023; Terzi et
al., 2025). Together, intensive construction and pollution
jeopardise Tirkiye’s rich aquatic biodiversity. The
country lacks an integrated and comprehensive coastal
management framework (Uzun and Celik, 2014).

There is, therefore, a pressing need for an adaptive,
science-based management strategy to safeguard these
fragile environments in the face of ongoing human
pressures and accelerating impacts of climate change.

*Coastal Law (1990). Republic of Tiirkiye, Coastal Law No. 3621 [online]. Website https://www.mevzuat.gov.tr/mevzuat?MevzuatNo=3621&M

evzuatTur=1&MevzuatTertip=>5 [accessed 10 October 2024] (in Turkish).

Figure 15. Plastic debris on the beaches. (a and b) Karacabey Delta, (c)

Avsa Island, and (d) Sile (photo courtesy of Mehmet Korhan Erturag).
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Beyond human interference, climate change poses
a significant threat to coastal areas, as sea-level rise and
intensified storms alter beach dynamics (Nicholls and
Cazenave, 2010; Hinkel et al., 2014; Jiménez et al., 2017;
Vousdoukas et al., 2020; Maroukian et al., 2024). Sea-level
rise induces hazards such as permanent submersion of
beaches, beach erosion, and degradation or loss of beaches
(Van De Wal et al., 2024; Vecchio et al., 2024). Over the
past 25 years, the global mean sea level has accelerated and
is projected to continue increasing (Nerem et al., 2018;
Bamber et al., 2019). Along Europe’s coastlines, extreme
sea levels are expected to rise by an average of 57 cm under
the RCP4.5 scenario and up to 81 cm under RCP8.5 by the
end of the century (Vousdoukas et al., 2017). In Tirkiye,
sea-level rise is estimated at 1-2 mm annually. However,
in areas such as Antalya—where groundwater extraction
is extensive and land subsidence occurs (Simav et al,,
2012; Mohamed and Skliris, 2022) —the impacts of sea-
level rise are expected to be more severe. These processes
significantly threaten sandy beaches, especially in deltaic
and low-lying coastal zones (Karaca and Nicholls, 2008;
Vousdoukas et al., 2020; Evelpidou 2022; Rizzo et al,
2025).

Beaches serve as natural buffers that absorb wave and
storm energy and sustain coastal economies through
tourism. According to the IPCC report (IPCC 2023),
sandy beaches are among the most vulnerable to sea-level
rise and extreme events, with significant implications for
sustainable tourism in Mediterranean countries such as
Tirkiye. In this context, the Mediterranean region has

been identified as a climate change hotspot, warming
approximately 20% faster than the global average (Giorgi,
2006; Cramer et al., 2020). Loss of beach width and
increased erosion threaten coastal protection and the
tourism-based economies that rely on these landscapes.

Beaches composed of unconsolidated sediments can,
under specific conditions, undergo natural cementation,
forming beachrock (Figure 16). These features serve as
important indicators of past sea-level fluctuations and
provide vital protection against wave energy (Desruelles et
al., 2009; Erginal et al., 2013; Avcioglu et al., 2016; Oztiirk
et al.,, 2016). Beachrock contributes significantly to the
stability of the coastal zone (Evelpidou, 2022). Although
widespread along Tiirkiye’s coasts (Avsarcan, 1997), human
activities, particularly tourism, are increasingly threatening
these formations. Their degradation accelerates coastal
erosion, particularly on fine-grained beaches.

6. Conclusions

This study provides a comprehensive inventory and
characterisation of Tiirkiye’s beaches along its coastlines.
The analysis of 6110 beaches showed the complex
relationship between their geographical distribution,
morphological features, and human interaction. The
results show that coastal geomorphology and tectonic
activity are the primary determinants of beach occurrence
and morphology. The Aegean coast, shaped by horst and
graben systems with numerous bays, gulfs, and peninsulas,
contains the highest number of beaches. However, these
are typically short due to the highly indented shoreline. In

Figure 16. Beachrock on the coast of Gazipasa Beach (Antalya).
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contrast, the Mediterranean and Black Sea coasts, where
mountain ranges run parallel to the coast, are characterised
by fewer but generally longer and more expansive beaches.
Specifically, the average width of Black Sea beaches is
approximately double that of Aegean beaches. These
differences in size highlight the role of coastal morphology
and geological processes in shaping beach characteristics.

Rocky coast beaches are the most common type
(61.6%), but these beaches are the smallest in size. Rare
types such as deltaic and low-lying coastal beaches only
constitute 2.6% of the total number of beaches but they
are the longest and most expansive beaches, making up
37% of the total beach length. This finding shows a clear
contrast between numerical abundance and contribution
to coastline length.

Regarding anthropogenic impacts, 908 beaches (15%)
were directly associated with tourism activities, while 1044
beaches (17.1%) showed evidence of coastal construction
over the past 20 to 30 years. The regions with the highest
tourism and construction pressure are the Aegean and
Mediterranean coasts. This is more pronounced in tourism
centres such as Mugla, {zmir, Balikesir, and Canakkale. A
strong positive correlation was found between tourism
and construction, which clearly shows the significant
impact of tourism on coastal morphology. Consequently,
larger and more accessible beaches are preferred for both
tourism development and construction projects.

This comprehensive analysis shows the unique nature
of beach systems in Tiirkiye’s different coastal regions
and provides a vital foundation for sustainable coastal
management and conservation strategies.
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