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Introduction

We assess how inherited subsurface architecture and human interventions control recent shoreline change and vulnerability in Pozos Colorados (Santa Marta, Colombian Caribbean).       





Methods

We integrated geomorphological mapping, multi-decadal shoreline extraction with CoastSat (1986–2024; EPR), Ground Penetrating Radar (GPR) profiles, paleoshoreline detection from high-resolution DEM, and paleo/future sea-level scenarios.    





Results

Net shoreline retreat averaged ~–2.0 m yr⁻¹ (max erosion in 1986–1996; localized accretion after 2021), linked to sediment budget shifts and engineering structures. GPR reveals erosional surfaces/terraces guiding present morphodynamics. Paleo sea-level highstands (MIS5e +6 m; mid-Holocene +3 m) and a 2100 SLR scenario overlap low-lying inherited surfaces. 





Discussion

Coupling surface (CoastSat) and subsurface (GPR) evidence clarifies multi-scale controls on instability and maps exposure hotspots, supporting ecosystem-based, adaptive coastal management in this urbanizing sector.
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1 Introduction

Coastal dynamics have increasingly drawn scientific attention due to their high sensitivity to both natural processes and anthropogenic pressures. Factors such as sea-level rise, sediment supply, and wave energy interact across multiple temporal and spatial scales, determining the position and stability of the shoreline (Carter and Woodroffe, 1994). In recent decades, projections of sea-level rise derived from tide-gauge records and satellite altimetry have stimulated numerous studies aimed at understanding coastal responses to climate change scenarios (Meyssignac and Cazenave, 2012; Le Cozannet et al., 2019; Aguilera-Vidal et al., 2022). Paleoenvironmental evidence and numerical models consistently indicate that the reorganization of coastal systems is tightly linked to the interplay between sediment inputs, wave climate, and marine transgression rates, underscoring the fragility of these environments (Storms et al., 2008; Ruggiero et al., 2010a; Hamilton et al., 2019).

In this context, coastal barriers represent key environments for understanding the relationship between marine processes and geomorphological evolution. Their behavior can be categorized into three main regimes: progradational, aggradational, and retrogradational (Psuty, 1988; Haxel and Holman, 2004). Progradation reflects a sediment surplus driving seaward advance; aggradation indicates a balance between sediment supply and accommodation space; and retrogradation occurs when sea-level rise or subsidence exceeds sediment inputs, forcing the landward migration of the shoreline (FitzGerald et al., 1984; Weleschuk and Dashtgard, 2019). Under climate change scenarios, sea-level rise and intensified storms are expected to reduce the resilience of these geomorphic systems, generating heterogeneous responses depending on local subsidence rates and sediment availability (Ruggiero et al., 2010b; Anderson et al., 2014; Passeri et al., 2015).

To this natural vulnerability are added growing anthropogenic pressures. Accelerated urbanization, infrastructure development, and resource overexploitation have altered sediment budgets and diminished buffer zones against extreme events (Anfuso et al., 2015; Kennedy et al., 2020; Nguyen et al., 2020). Recent studies indicate that urban settlements along sandy coasts are, on average, located less than 392 m from the shoreline, increasing exposure of communities and infrastructure (Hauer et al., 2019; Lansu et al., 2024). These dual conditioning natural processes that have historically shaped coastlines and human pressures that now constrain their adaptive capacity highlights the need to understand their interaction as a foundation for evidence-based management and adaptation strategies.

Recent methodological advances have made possible to address this challenge with greater precision. Remote-sensing tools such as CoastSat enable multidecadal shoreline analyses using quantitative metrics like the End Point Rate (EPR), providing a clear picture of recent erosion and accretion patterns (Vos et al., 2019). However, these techniques primarily capture surface and decadal processes. Ground Penetrating Radar (GPR) offers a complementary approach, allowing reconstruction of the internal architecture of barriers and beaches, identification of erosional surfaces and inherited deposits, and recognition of the imprints of previous marine transgression pulses (Neal, 2004). The integration of these methods with geomorphological mapping, geographic information systems, and Digital Elevation Models (DEM) provides a multiscale framework that links current trends with geological conditioning factors from the past, while also enables projections of future responses to sea-level rise scenarios (Blum and Roberts, 2009; Scardino et al., 2023).

The present paper focuses on the Pozos Colorados sector of Santa Marta (Colombian Caribbean Sea), a highly complex environment where sandy barriers, river mouths, and marine–littoral systems converge under intense hydrodynamic forcing factors. The main objective is to evaluate how inherited subsurface architecture influences recent coastal evolution and future vulnerability, integrating multidecadal shoreline series (1986–2024), GPR profiles, identification of potential paleoshorelines, and static sea-level rise simulations. The main hypothesis is that sectors characterized by subsurface erosional surfaces and paleoshorelines exhibit higher shoreline retreat rates and greater spatiotemporal variability in EPR trends. Furthermore, we propose that inherited low-lying surfaces coincide with projected flood-prone areas under sea-level rise scenarios, indicating preferential reoccupation of paleodepressions during transgressive phases. This interdisciplinary approach seeks to establish links between past and present processes, providing a robust framework for the adaptive management of coastal barriers in the Colombian Caribbean Sea.



1.1 Study area

The coastal sector of Pozos Colorados, located south of the urban core of Santa Marta on the western foothills of the Sierra Nevada de Santa Marta (SNSM) in the Department of Magdalena (Figures 1a, b), forms part of a rapidly urbanizing corridor prioritized for tourism and real estate development (Idárraga et al., 2011; Alcaldia de Santa Marta, 2020). Santa Marta, with an estimated population of 566,650 inhabitants projected for 2025 (DANE, 2018), has undergone sustained urban growth that has intensified pressures on this coastline. These pressures are reflected in reduced land affordability, the privatization of public beaches, the displacement of artisanal fishers, and the degradation of mangrove ecosystems (Figueroa et al., 2025; The Latinvestor, 2025).

[image: Map illustration showing three panels: (a) highlights the Caribbean region, indicating a red outlined area near Colombia. (b) focuses on the Santa Marta region along the Caribbean coast of Colombia, with a similar red outlined section. (c) is a detailed satellite map of Punta Gloria and Pozos Colorados, highlighting four Ground Penetrating Radar (GPR) profiles with color-coded lines: red, purple, green, and blue, indicated in a legend.]
Figure 1 | (a, b) Location map of the study area in the Pozos Colorados sector, Santa Marta, Colombia. (a, b) Regional and departmental context. (c) Detailed view of the coastal barrier system with GPR profiles (Profiles 1–4). Background: Esri World Imagery (multisource mosaic); typical resolution 0.3–1 m in urban areas and ~1 m elsewhere; 15 m at small/mid scales. CRS: WGS 84/UTM Zone 18N. Imagery credits: Esri, Maxar, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community (Esri, 2023).

Within this context, recent urban expansion and human activities have overlapped a coastal strip of the Colombian Caribbean shoreline whose current configuration reflects the interaction among eustatic, tectonic, and sedimentary processes.

At a regional scale, the Holocene evolution of this continental margin has been governed by sea-level fluctuations and vertical dynamics associated with tectonic activity and differential subsidence. Paleo–sea-level indicators corresponding to the mid-Holocene are situated 2–3 m above the present mean sea level, suggesting that the Caribbean coastline, including the Santa Marta and Pozos Colorados sectors, has not remained isostatically stable (Robert and Martínez, 1999). Tide-gauge records and palaeoceanographic reconstructions for the Caribbean Basin indicate an average sea-level rise of approximately 20 cm between 1880 and 1980, with rates ranging from 1.0 to 2.0 mm yr−1 and a regional mean of 1.7 ± 1.3 mm yr−1 (Gornitz et al., 1982; Houghton et al., 1994; Torres et al., 2008; Torres et al., 2017). This spatial variability is linked to atmospheric forcing (e.g., wind stress), oceanic mass redistribution, and differential vertical crustal movements.

At a local scale, the Pozos Colorados sector lies within a morphotectonic transition zone where the structural influence of the Sierra Nevada de Santa Marta (SNSM) converges with the marine dynamics of the Colombian Caribbean coast. The geological evolution of the SNSM, controlled by major fault systems such as the Oca Fault and the Santa Marta–Bucaramanga Fault System, has shaped an environmentally sensitive and highly dynamic coastal landscape (Tschanz, 1969; Doolan, 1970; Hermelin, 2016; Vargas-T. et al., 2016). More recent geodynamic studies indicate that this margin is affected by active interplate coupling and differential vertical deformation associated with these same fault systems (Lizarazo et al., 2021). These structural conditions, combined with eustatic sea-level variability, modulate the relative stability of the area and control its present geomorphological configuration.

The Pozos Colorados coastal plain, of Quaternary age, has developed under the combined influence of fluvial discharge from the SNSM, wave action, and longshore currents driven by trade winds, which govern sediment transport and shoreline evolution along this sector of the Colombian Caribbean (Torres and Andrade, 2006; Marriaga, 2009; Manzolli et al., 2024). This coastal sector is characterized by a mixed semidiurnal microtidal regime, with average tidal amplitudes ranging from 0.3 to 0.5 m (García et al., 2011). This limited tidal range restricts the vertical zonation of coastal environments and increases their sensitivity to sea-level variations and high-energy events, such as storms and swell waves.

Overall, the interaction among inherited tectonic controls, marine–sedimentary processes, and contemporary anthropogenic pressures has produced a dynamic and environmentally fragile coastal landscape.





2 Data and methods



2.1 Geomorphological map

Satellite images (Table 1) were analyzed to identify geomorphological features, variations in terrain texture, and shoreline modifications. Band composition was performed in ArcGIS 10.8 by integrating the red, green, and blue channels to enhance the visualization of key landscape elements (Napieralski et al., 2013; Polizel and Rossetti, 2014), (Table 2) Historical aerial photographs (Table 3) were also incorporated and georeferenced to Google Earth Pro imagery using ground control points referenced to the Magna-SIRGAS datum, with the Gauss-Krüger West Origin projection and the WGS84 ellipsoid. Processing was carried out in ArcGIS 10.8 through a first-order polynomial transformation, and planimetric accuracy was adjusted according to image quality by applying a variable number of control points placed at clearly identifiable features.


Table 1 | Satellite imagery used for geomorphological mapping and shoreline analysis (Pozos Colorados).
	Image type
	Date
	Bands
	Resolution



	Landsat 5 (TM)
	1986/11/27
	7
	30 m


	Landsat 8 (OLI/TIRS)
	2013/04/01
	8 (OLI; TIRS not used)
	30 m (OLI)


	RapidEye (REScene)
	2015/12/07 2016/12/18
	5
	5 m


	PlanetScope (PSScene)
	2017/12/18
2018/12/14
2019/12/28
2020/12/31
2021/12/30
2022/12/24
	4
	5 m


	Sentinel-1 (C-band SAR, GRD IW)
	2014/06/14 2024/07/25
	VV/VH (dual-pol)
	~10 m (pixel spacing; nominal resolution ~20 m)


	Sentinel-2 (MSI)
	2019/12/30
	4 (B2, B3, B4, B8)
	10 m





The table reports platform/sensor, acquisition dates, bands used, and spatial resolution (as applied). RapidEye is limited to 2015–2016; PlanetScope (2017–2022) was harmonized to 5 m for comparability with RapidEye.




Table 2 | Interpretation criteria for dated geomorphological environments.
	Traits/image features
	Beaches
	Coastal lagoons
	Fluvio - marine plain
	Marine terrace
	Hillside
	Low hills
	High hills
	Low surface
	Alluvial fans
	Paleodrnaige
	Coastal plain
	Abrasion platform



	Example image
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]


	Satellite or Aerial Image/Band Combination
	LANDSAT RGB 753
	Rapideye RNB
	LANDSAT RGB 765
	Aerial-photographs
	LANDSAT RGB 742
MDE – (Land View and Sentinel 1)
	Planet Scope RGB541
LANDSAT RGB642
	Rapideye NGR
	LANDSAT RGB764


	Texture
	Smooth/Rough
	Smooth/Rough
	Smooth/Rough
	rough
	Smooth/Rough
	Smooth/Rough
	Smooth
	Smooth/Rough


	Census
	Linear
	Irregular
	Irregular/Linear
	Irregular
	Irregular
	Irregular
	Irregular
	Linear








Table 3 | List of satellite images used in geomorphological mapping.
	Image type
	Date
	Bands/spectrum
	Flight



	Aerial Photography - IGAC
	1944
	RGB/Panchromatic
	R-211-01361


	Aerial Photography - IGAC
	1985
	RGB/Panchromatic
	C-2228-0152


	Aerial Photography - IGAC
	1991
	RGB/Panchromatic
	C-2451-0086


	Aerial Photography - IGAC
	2004
	RGB/Panchromatic
	C-2763-0165








Table 4 | Ancient cartography and historical maps consulted.
	Image type
	Date
	Resolution/scale



	Terrestrial cartography of the Magdalena Department
	1937
	Unknown


	Tierra Firme Coast, Santa Marta
	1935
	1:100,000


	Land potential use map, IGAC
	1985
	1: 50,000


	Geomorphological map of Pozos Colorados (Idárraga et al, 2011)
	2011
	1:100,000







Georeferencing errors were assessed by visually comparing the adjusted photographs with the base map, while spectral signature analysis was subsequently performed in ArcGIS 10.8 to enhance reflectance differences and improve the discrimination of geomorphological features. To contextualize the coastal setting prior to major anthropogenic interventions, historical cartography, scientific literature (Table 4), and previous studies were also reviewed. Finally, we used the methodology proposed by Berrocoso et al. (2007), Carvajal (2012), and Torrecillas et al. (2024).




2.2 Coastal dynamic analysis (Coastsat)

The open-source package CoastSat (developed in Python and available at GitHub: https://github.com/kvos/CoastSat) was used to extract shoreline time series from satellite imagery processed through the Google Earth Engine platform (Vos et al., 2019). A total of 1316 images were initially retrieved from the missions Landsat 5 (129), Landsat 7 (401), Landsat 8 (232), Landsat 9 (51), and Sentinel-2 (503), covering the period 1986–2024. After applying strict filters for cloud cover, resolution, and geometric accuracy, only 576 quality-controlled images were retained for analysis.

A set of 32 shoreline transects was generated in QGIS, each 350 m in length and spaced 200 m apart, following the methodology of Vos et al (Vos et al., 2019). Shoreline change rates were calculated exclusively with the End Point Rate (EPR) method, which measures the net displacement between the earliest and most recent shoreline positions divided by the time interval. EPR was preferred over other common metrics such as LRR (Linear Regression Rate), NMS (Net Shoreline Movement), or SCE (Shoreline Change Envelope), since the main objective was to determine net rates of erosion and accretion over a multi-decadal timescale. Unlike LRR, which depends on multiple intermediate positions and may be affected by data gaps, or NMS and SCE, which only capture maximum displacements without temporal scaling, EPR provides a direct, robust, and comparable indicator of shoreline dynamics. Statistical calculations were performed in Minitab 17, ensuring consistency in the estimation of erosion and accretion rates.




2.3 Stratigraphic profiling using ground penetrating radar

Stratigraphic data were collected using a Yuma2 Trimble® data collector coupled with a Cobra Plug-In GPR system (Radarteam Sweden AB) equipped with an 80 MHz monostatic airborne antenna (Subecho SE-70, Radarteam Sweden AB). The system operates with a 120 MHz bandwidth and provides a penetration depth of up to 30 meters. Data acquisition followed the methodology proposed by Barboza et al. (Barboza et al., 2014a), applying high-pass filters, stacking, and gain adjustments during the survey. Positioning was determined using a Trimble® ProXRT GNSS receiver (WGS84). Topographic data were integrated with the GPR profiles to obtain the actual subsurface depth.

The radar waves reached a penetration depth of 30 meters (100 ns). Data processing was performed using Reflex-Win®, Radan™, and Prism2® software packages, including trace analysis (Leandro et al., 2019), background removal, band-pass frequency filtering (ORMSBY filter), gain equalization, and time-to-depth conversion. A dielectric constant of 10, corresponding to wet sand, was used for the velocity conversion, representing 0.09 m/ns (Daniels et al., 1995). Stratigraphic interpretation followed a seismostratigraphic approach adapted for GPR data (Neal, 2004), based on reflection terminations (onlap, toplap, downlap, and truncation) and reflection geometry (Mitchum et al., 1977; Barboza et al., 2014b).

The four GPR profiles were acquired in May 2019, during the transitional season under stable weather conditions (28°C, clear skies, 85% relative humidity). Surveys were conducted along crest and swale topography in a WSW–ENE (sea-to-land) direction, following streets without obstacles or elements that could significantly interfere with the antenna signal (see locations in Figure 1c).




2.4 Identification of potential paleoshorelines

Paleoshoreline identification was performed using remote sensing data through a high-resolution Digital Elevation Model (DEM) derived from LiDAR (Light Detection and Ranging) technology, with a spatial resolution of up to 30 cm. Data processing was carried out in ArcGIS 10.8, applying a GIS-based paleoshoreline extraction tool developed by Schneider (2019), Oviedo-Prada et al. (2021), Osorio-Granada et al. (2022). This method combines slope and curvature analysis of the DEM to detect shoreline features in inaccessible areas and zones without preserved paleocoastal sediments (Hoffmann et al., 2020; Cruz-Ramirez, 2024).

The DEM input serves as the basis for derivative calculations, while Stream_30m, which represents watercourses in vector format, is converted to raster format for integration into the analysis. The main processing steps are as follows:

	Slope Analysis: Derived from the DEM and reclassified into relevant intervals to evaluate terrain inclination.

	Aspect Analysis: Identifies slope orientation, categorizing areas with directions favorable for paleoshoreline detection.

	Curvature Analysis: Calculates total curvature, distinguishing between profile curvature (vertical slope changes) and plan curvature (horizontal surface changes). Both metrics are reclassified to highlight significant morphological patterns.

	Stream Processing: Converts vector stream data into raster format and reclassifies it for integration into the model.

	Model Integration: All reclassified layers (Reclass_Slope, Reclass_Aspect, Reclass_Curvature, Stream_Reclass) are combined using the Raster Calculator, with weighted influence for each factor to enhance paleoshoreline detection.

	The final model outputs a precise delineation of areas with the highest probability of representing former shoreline positions, supporting geomorphological analysis and coastal evolution reconstruction.





2.4.1 Field validation of paleoshorelines

Remote sensing interpretations of paleoshorelines were systematically compared with in situ observations collected during field campaigns. Verification sites were selected based on accessibility and representativeness of key geomorphological features. At each site, GPS-referenced photographs were taken, and sedimentological descriptions were recorded, with a focus on terrace morphology, textural contrasts, and stratigraphic relationships. These field observations were then integrated into the GIS database to corroborate and refine the mapped shoreline positions.





2.5 Paleo sea level modeling

As part of the analysis, paleo–sea-level modeling was performed to reconstruct eustatic highstand events from the Late Quaternary. The methodology was implemented in Python, using a Digital Elevation Model (DEM) in ESRI GRID (.adf) format processed with the Rasterio library. Elevation values, spatial reference, and spatial extent were extracted, and NoData cells were replaced with NaN to prevent computational errors. A georeferenced coordinate mesh (X, Y) was generated from the DEM’s affine transformation to ensure spatial consistency. Two key highstand scenarios were selected:

	MIS 5e (~125 ka, +6 m): Corresponding to the Last Interglacial (Eemian), characterized by slightly warmer-than-present global temperatures and sea levels ~6 m higher than today (Polyak et al., 2018). This scenario represents conditions of advanced polar ice-sheet retreat under a warm climate.

	Flandrian Transgression (~6 ka, +3 m): Associated with the mid-Holocene sea-level maximum (Zazo, 2006), coinciding with the Holocene Climate Optimum, a period of higher temperatures and relative sea-level stability. Its relevance lies in the archaeological timescale, providing recent evidence of shoreline adjustments.



For each scenario, inundation modeling was carried out by applying a flood threshold: all cells with elevations ≤ the simulated sea level were classified as inundated (NaN), while cells above that elevation were retained as emerged terrain.

The outputs generated in Python were exported as TIFF files and subsequently processed in ArcGIS 10.8. To enhance visual interpretation, a Hillshade layer derived from the DEM was integrated to improve the perception of geomorphological units. Urban and road infrastructure data were incorporated from the OpenStreetMap database using vector layers of polygons and lines (roads, buildings, and built-up areas), which were filtered and symbolized to reflect their spatial distribution within high-risk zones.

Finally, all layers were integrated and processed within a GIS environment (ArcGIS 10.8), ensuring a coherent, high-accuracy, and scientifically robust cartographic representation, suitable for spatial comparison between paleoclimatic conditions and the modern coastal configuration.



2.5.1 Hypsometric modeling of paleoshorelines

The map of hypsometric shoreline lines corresponding to the Flandrian (+3 m) and Marine Isotope Stage 5e (MIS 5e, +6 m) scenarios was generated using a Digital Elevation Model (DEM) as a conceptual reference. Automated procedures in Python were applied to extract hypsometric contours that delineate the relative shoreline positions under the defined sea-level increments. The resulting lines were exported in Shapefile (SHP) format and subsequently processed in ArcGIS 10.8, where a spatial comparison was performed against the present-day coastline.





2.6 Integration of methods

We integrated three lines of evidence within a reproducible spatial workflow to link inherited geological structure, recent coastal dynamics, and future exposure. The characterization of the main geomorphological features defined the geological context and composition of the study area. Ground Penetrating Radar (GPR) data delineated basement highs, erosional surfaces, terraces, and depressions, allowing to identify both geological controls and vulnerable surfaces. These results were compared with the identification of paleoshorelines detected using the model created by Schneider (2019).

The shoreline series from 1986 to 2024 (derived from CoastSat) were used to calculate the End Point Rate (EPR) along evenly spaced transects, allowing the characterization of spatial and temporal shoreline patterns, i.e., retreat and accretion trends, which allowed to complement and validate the GPR interpretations. Finally, the paleo– and future–sea-level rise (SLR) analysis projected three scenarios-MIS 5e (+6 m), Flandrian (+3 m), and 2100 under SSP5-8.5 (+1 m) onto a high-resolution Digital Elevation Model (DEM) corrected for hydraulic connectivity, in order to estimate the potential reoccupation of previously mapped low-lying geomorphological surfaces.

All datasets were standardized to the same DEM resolution. From this harmonized framework, we derived hypsometric and slope metrics to conceptually contextualize the low-relief morphology expressed under different projected sea-level rise scenarios.





3 Results



3.1 Regional geomorphology

In the Pozos Colorados sector, a diverse suite of landforms reflects multiple Quaternary depositional settings. Through geomorphological mapping, twelve classes were delineated, which are synthesized in Figures 2a, b. Some landforms have persisted and remain visible, such as beach deposits, fluvio-marine plains, alluvial fans, low surfaces, hillsides, abrasion platforms, high and low hills, coastal floodplains, and lagoons. While others, including marine terraces and paleo-drainage systems, have been obliterated or obscured by extensive anthropogenic transformation.
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Figure 2 | (a) PSScene satellite image (RGB 541 combination), and (b) Geomorphological map generated from the integration of historical aerial photographs, satellite imagery, cartographic data, and secondary information sources.



3.1.1 Beach deposits

Beach deposits extend for ~4 km from Punta Gloria (north) to the abrasion platforms near Simón Bolívar Airport (south). These Quaternary sands are light-gray, silty, and fine- to coarse-grained (MD = 0.13–0.63 mm), with moderate to poor sorting indicative of mixed sediment sources and moderate-energy conditions shaped by overwash redistribution. Littoral bars and spits contribute to the formation of sandy ridges, while the construction of groynes has partially reduced erosion but also altered the natural shoreline configuration.




3.1.2 Fluvio-marine plains

Located immediately landward of the present beach, these plains are most developed near Punta Gloria and south of the airport, covering an area of 922,864 m². They consist of organic-rich, transitional deposits formed under the influence of marine conditions and runoff from nearby relief. Their flat, low-lying topography has been shaped by pluvial drainage, which transports colluvial material downslope, with interbedded bioclastic layers producing a heterogeneous substrate. Seasonal flooding sustains wetlands and mangrove stands, which play a critical role in the functioning of the coastal ecosystem.




3.1.3 Alluvial fans

Prominent in the southwestern sector, alluvial fans prograde from the mountain foothills onto the lower plains and span 6,051,871 m². Drainage is low-density and sub-parallel, typical of intermittent flows. Coarse sands with lamination in main lobes indicate high-energy pulses, while finer, cross-laminated sediments along the margins reflect lower-energy deposition. Colluvial input from nearby slopes highlights the cyclical formation of fans. These fans buffer sediment and water flows into adjacent plains; however, intense human occupation has disrupted drainage and reduced recharge capacity, altering the sedimentary and hydrological balance.




3.1.4 Low surfaces and hillsides

These gently sloping landforms occupy the northeastern sector between low hills. Low surfaces cover 279,506 m², while adjacent hillsides extend over ~309,405 m². Detrital infill, coupled with runoff from nearby promontories, promotes episodic accumulation linked to gravity-driven processes and rainfall-induced transport, which contributes to the coastal sediment budget.




3.1.5 Abrasion platforms

Wave-cut platforms developed on crystalline rocks of the Santa Marta Batholith cover ~111,659 m² and are locally mantled by light-gray, fine- to coarse-grained sands. Near the airport, they are more exposed due to the combined effects of wave and wind action. These gently seaward-dipping surfaces are important indicators of paleo-sea levels and long-term tectono-marine interactions.




3.1.6 High and low hills

Composed of biotite–hornblende igneous rocks from the Santa Marta Batholith and Rodadero Formation, these Paleogene units (48.8 ± 1.7 to 44.1 ± 1.6 Ma) rise 50–125 m. High hills exhibit rounded crests and convex slopes of 10–20°, while low hills present slopes of 5–10° (Tschanz, 1969; Marriaga, 2009; Idárraga et al., 2011; Sanchez and Kammer, 2015). The high hills in the east cover 12,124,621 m², and the low hills in the north occupy 2,981,138 m². These reliefs exert strong control over drainage patterns and sediment routing in the region.




3.1.7 Coastal floodplains

The coastal floodplains are flat, low-lying zones that stretch along the shoreline, playing a key role in shaping the local coastal landscape. These areas formed under the influence of denudational, tectonic, fluvial, and marine processes. They are bordered by alluvial fans to the south and interlaced with gently sloping low hills of the Rodadero Formation (Sanchez and Kammer, 2015).

The nearly flat topography suggests that, in the past, these plains facilitated the accumulation of fine sediments transported by rivers, wave action, and coastal currents. The material composition also reflects a complex mixture of fluvial sands and silts, colluvial inputs from nearby slopes, littoral and tidal sands, and biogenic marine-derived material such as shell fragments and organic matter. These floodplains likely expand during marine regressions and contract during transgressions. The total area covered by these floodplains is approximately 5,564,467 m².




3.1.8 Coastal lagoons

Formed by spits and littoral bars extending from Punta Gloria and shaped by longshore drift, these lagoons are semi-enclosed behind sandy ridges, creating favorable conditions for mangrove and estuarine vegetation. Distributed across the fluvio-marine plain, they cover 64,125 m². Fine muds and clays with organic matter dominate the basins, while sandy deposits fringe the margins. Anthropogenic intervention has altered natural connectivity, promoting eutrophication and mangrove decline.




3.1.9 Marine terraces

Although now buried beneath colluvial deposits, marine terraces previously mapped near the low hills occur at shallow depths. Their moderate slopes and drainage patterns indicate a geomorphological evolution influenced by tectonic uplift during the Cenozoic particularly the late Miocene and Pleistocene and by sea-level oscillations associated with glacial–interglacial cycles. Thesexterraces cover an estimated total area of approximately 800,071 m².




3.1.10 Paleo-drainage channels

The paleo-drainage systems are linked to the region’s geomorphological and tectonic evolution. Past fluvial erosion and sediment transport shaped these channels, which were later abandoned due to tectonic uplift and fluvial reconfiguration. Colluvium and fan deposits subsequently infilled these features. In modern times, anthropogenic activities, such as urbanization and the construction of drainage canals, have fragmented these ancient channels and diminished their hydrological function.





3.2 Shoreline changes (1986–2024)

Shoreline analysis in Pozos Colorados using CoastSat (1986–2024) revealed a predominantly erosional trend, strongly linked to anthropogenic pressures and the transformation of natural coastal features. In the earliest records from 1986, the coastal configuration was dominated by littoral bars, coastal lagoons, mangroves, and alluvial deposits derived from the Santa Marta Batholith. However, subsequent years documented significant alterations, including the partial infilling of lagoonal systems and modifications to alluvial deposits. A critical phase of intervention began in 1991, when groynes construction disrupted longshore drift, promoting updrift accretion and downdrift erosion, while lagoon canalization reduced hydrological connectivity. By 2003, littoral bars had been entirely reconfigured, producing a zigzag shoreline morphology indicative of artificial stabilization.

Consistent with these transformations, shoreline change rates derived from the End Point Rate (EPR) method (Figure 3) confirmed the predominance of erosion, with maximum retreat recorded between 1986 and 2005 and intermittent accretion in some sectors after 2005. Overall, the shoreline exhibited a sustained landward migration, with only partial stabilization observed in recent years.
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Figure 3 | (a) Spatial distribution of shoreline change rates (End Point Rate, EPR) along the Pozos Colorados sector from 1986 to 2024. (b) Time series of shoreline position illustrating interannual variability and long-term trends based on the moving average of EPR values.

Results demonstrate that the moving average EPR reinforces this erosional trend, with localized recovery reaching +4.39 m yr−1 in 2021, in contrast to a maximum retreat of –15.04 m yr−1 in 1996 and an overall mean of –2.00 m yr−1, confirming erosion as the prevailing coastal process. The multi-decadal trend and moving average are shown in Figure 4. Five-year interval analysis further highlights alternating phases of accretion and erosion: 1986–1990 with prevailing accretion, followed by strong erosion in 1990–1995 (> –5 m yr−1), recovery in 1995–2005 with peaks > +10 m yr−1 across several transects, intensified erosion in 2010–2015, and a critical retreat in 2015–2020 (> –10 m yr−1). Between 2021 and 2024, a partial recovery was recorded, with reduced erosion and localized accretion. Nevertheless, persistent negative trends across multiple transects reveal sustained coastal instability, primarily driven by fluctuations in the sediment budget, extreme climatic events, and cumulative anthropogenic pressures.
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Figure 4 | Shoreline change trends by transecting over five-year intervals from 1986 to 2024.




3.3 Sequence stratigraphy

Ground-penetrating radar (GPR) surveys generated four subsurface profiles across the coastal barrier system of Pozos Colorados (see location in Figure 4). Interpretation of radar reflections allowed the identification of three main depositional units: (I) bedrock substrate, (II) Pleistocene alluvial fan deposits, and (III) Holocene aeolian deposits (Figures 5A–D). Unit I is marked by medium-amplitude, continuous reflections with hyperbolic diffractions and signal attenuation, typical of basement rocks. Overlying this surface, Unit II displays high-amplitude but discontinuous reflections with hummocky patterns and onlap/downlap terminations, indicating infill of depressions carved into the bedrock. Unit III consists of high-amplitude, subparallel reflections with low-angle landward downlaps, diagnostic of transgressive Holocene sand sheets (Hesp et al., 2005; Watanabe et al., 2025).
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Figure 5 | Subsurface ground-penetrating radar (GPR) profiles from the Pozos Colorados sector. Three depositional units were identified: Unit I (rocky substrate or basement), Unit II (Pleistocene alluvial fan deposits), and Unit III (Holocene aeolian sands). Profile (a) shows an uplifted basement high; profile (b) a stabilization terrace within the alluvial sequence; profile (c) a seaward-inclined surface with angular unconformities; and profile (d) an undulating basement with depressions filled by alluvial and aeolian deposits. Altogether, the profiles reveal the morphostructural control of basement variability on the stratigraphic architecture of the coastal barrier system.

Profile (a) exhibits a clear basement uplift within the first 90 meters, from southwest to northeast, revealing a positive paleotopography likely formed by tectonic or erosional processes predating sediment deposition. This substrate irregularity acted as a structural barrier, controlling the thickness and geometry of the overlying sediments. The onlap geometry of the reflectors over the elevated relief confirms the presence of an initially irregular surface that influenced the accumulation of Pleistocene and Holocene units, reflecting a depositional history governed by both inherited topography and coastal environmental fluctuations.

Within the geomorphological context of Pozos Colorados, this structure corresponds to the transition zone between the fluvio-marine plain and the coastal plain. Over this relief, the upper units consist of Holocene marine and eolian sands, associated with sustained vertical aggradation rather than lateral progradation. The onlapping arrangement and the superposition of marine units over continental deposits indicate the influence of an early Holocene transgressive phase, followed by a stage of sea-level stabilization and progressive vertical aggradation. This evolution suggests that, after stabilization, the system shifted toward vertical accumulation under low-energy conditions, forming an apparently stable yet geomorphologically fragile coastal surface, which remains susceptible to gradual and persistent erosion as a response to reduced sediment supply and increasing wave energy.

Profile (b) reveals the existence of Unit I gently dipping Unit I toward the northeast, interpreted as the bedrock or paleosubstrate upon which subsequent sedimentation developed. This upward trend indicates a pre-existing inclined paleorelief that influenced later depositional processes. Between 100 and 180 meters, a subhorizontal terrace-like surface interrupts the general slope, and it was interpreted as a temporary stabilization phase within the alluvial system, likely caused by a decrease in flow energy or a pause in sediment supply. This surface acted as a local base level, controlling the accumulation of fine sediments in the overlying units. The presence of this flat surface may also suggest a distal marine influence, related to a relative sea-level rise during an early transgressive phase, which temporarily modified the sedimentary equilibrium of the system.

Above this terrace, Units II and III display discordant stratigraphy, with onlap, downlap, and truncation terminations, indicating episodic and pulsating sedimentation. Nevertheless, the tabular geometry and lateral continuity of the reflectors suggest a progressive aggradational trend, derived from vertical deposition under lower-energy conditions. Unit II represents a stabilized fluvio-marine infill phase, while Unit III, thinner and more homogeneous, corresponds to a recent Holocene stage, associated with eolian or shallow-marine environments, marking the final consolidation of the present surface.

Profile (c), oriented northwest–southeast and located near the outlets of the alluvial fans, presents a morphostructural configuration controlled by bedrock topography (Unit I). This unit shows an upward inclination toward the northwest, near the coastal front, and a downward slope toward the southeast, inland, suggesting a combined influence of paleogeographic erosional processes and differential tectonic uplift. The shape of the basement likely acted as an elevated paleosurface, regulating the accumulation of alluvial and coastal sediments during subsequent stages.

Resting discordantly on this irregular surface, Unit II exhibits a lenticular infill geometry, adapting to the depressions of the substrate. This unit reflects an alluvial accumulation phase, controlled by paleotopography and periods of enhanced fluvial activity or greater water availability, typical of the transitional zone between the alluvial fans and the coastal plain. The onlap and downlap terminations reinforce the interpretation of a vertical and progressive aggradation of the accommodation space, rather than a lateral progradational advance. Unit III, more continuous and subhorizontal, represents recent Holocene eolian deposits, accumulated under arid and stable conditions, which seal the system and mark the closure of active sedimentary dynamics.

Profile (d) shows an undulating basement morphology, with central and southeastern depressions that provided accommodation space for coarse alluvial fills, also displaying a dominant aggradational behavior. Unit II exhibits conformable configurations, consistent with fluvial inputs from the southern drainage system of Pozos Colorados, later overlain by Holocene eolian deposits that seal the system and represent the final stage of surface aggradation and stabilization, preceding the onset of the current phase of intermittent coastal erosion.

Overall, the Holocene coastal transgression likely affected the Pozos Colorados system in a differential manner—being more pronounced in the coastal sectors of Profile (a), attenuated in the intermediate zone of Profile (b), and practically absent in Profiles (c) and (d). This pattern is consistent with a marine transgression followed by a vertical aggradational phase during sea-level stabilization, with the modern coastline representing a post-transgressive stage, where the system continues to adjust to the imbalance between sediment supply and marine energy.




3.4 Paleoshorelines

Remote sensing analysis allowed the detection and preliminary mapping of paleoshorelines in the Pozos Colorados sector. These features were subsequently validated through field surveys (see Table 5), which confirmed diagnostic landforms including marine terraces, fossil beach ridges, and relict alluvial fans. The integration of remote sensing within situ verification ensured the reliability of the mapped paleoshoreline positions (Figure 6).


Table 5 | Field verification points and geomorphological interpretations.
	Field verification no.
	Field analysis summary



	1
	A densely vegetated hill with large rock outcrops was identified, suggesting soil stability and a geomorphological process associated with marine terrace formation. The presence of infrastructure indicates ground stability, although the slope may correspond to a modified former terrace margin.


	2
	Irregular relief features were observed, potentially corresponding to an eroded marine terrace or fossil bar. The presence of roads and railway tracks suggests a consolidated and stable subsurface. Sandy or silty-sandy soils, along with sparse vegetation in depressions, indicate possible compaction and poor drainage.


	3
	An inclined rocky outcrop showing signs of erosion and fracturing was recorded, suggesting tectonic activity or post-depositional consolidation processes. The slope of the outcrop may have been part of an elevated marine terrace or former cliff. Differential erosion and human intervention have altered the deposit, while vegetation atop the exposure indicates relative stability.


	4
	This site features a steep slope with mixed sediments, indicating a complex depositional environment likely influenced by both marine and continental processes. The slope may be associated with tectonic activity or differential erosion. The mixture of continental and marine sediments suggests a transitional environment such as an ancient coastal plain.


	5
	The site shows a moderate slope, dense vegetation, and exposed soil, indicating potential terrain profile changes associated with paleoshorelines. Soil stability evidenced by moisture retention and the mixture of marine and continental sediments suggests a fluvio-marine transitional setting, possibly linked to alluvial fan activity.
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Figure 6 | Geomorphological mapping and field verification in the Pozos Colorados coastal barrier. Polygons represent the Quaternary coastal plain (yellow), Pleistocene Marine Terraces (blue), and Alluvial fans (purple). Red stars mark field verification sites: (1) densely vegetated hill with rocky outcrops, interpreted as a modified marine terrace margin; (2) irregular relief with sandy to silty soils and poor drainage, likely an eroded fossil bar; (3) inclined rocky outcrop with fractures and differential erosion, corresponding to a former marine cliff; (4) steep slope with mixed marine–continental sediments, indicative of a transitional coastal plain; and (5) moderate slope with stable soils and dense vegetation, associated with paleoshorelines influenced by alluvial fan activity.

The geomorphological map distinguishes three shoreline units. The youngest corresponds to late Quaternary coastal plain (yellow), directly associated with modern coastal landforms. An intermediate unit is represented by marine terraces and fossil beach ridges (blue), which record former higher sea-level stands. The oldest unit (purple) is linked to alluvial fan activity and preserves relict deposits at higher elevations. Field validation sites, indicated by red stars, confirmed the presence of these landforms through terrace preservation, variations in sedimentary facies, and textural contrasts. Georeferenced photographs (sites 1–5) further document the diversity of coastal morphologies and provide a stratigraphic context for interpreting shoreline evolution.




3.5 Paleo sea-levels

Paleo-sea-level modeling in the Pozos Colorados sector was carried out under three scenarios: Marine Isotope Stage 5e (MIS 5e, +6 m; ~125 ka) (Muhs et al., 2003; Dutton and Lambeck, 2012), the Flandrian Transgression (+3 m; ~6 ka) (Pirazzoli and Pluet, 1991; Toscano and Macintyre, 2003), and a projected future high-emissions scenario for 2100 (+1 m; SSP5-8.5) (Masson-Delmotte et al., 2021). Together, these reconstructions provide insights into past interglacial shoreline configurations and anticipated impacts of future sea-level rise (Figures 7, 8).
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Figure 7 | Paleo sea-level scenarios modeled for the Pozos Colorados sector. (A) MIS 5e (+6 m, ~125 ka), showing extensive inundation of coastal barriers and alluvial deposits, reaching up to 1 km inland. (B) Flandrian Transgression (+3 m, ~6 ka), indicating moderate flooding confined to low-elevation coastal depressions and lagoonal areas. (C) Projection for 2100 under a high-emissions pathway (+1 m, SSP5-8.5), highlighting risks to urban, commercial, and touristic infrastructure, as well as potential saltwater intrusion into aquifers.
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Figure 8 | Hypsometric map of the Pozos Colorados coastal plain showing present shoreline (red), Flandrian shoreline (+3 m, blue), and MIS 5e shoreline (+6 m, black). Transgression limits coincide with morphostratigraphic surfaces such as marine terraces, relict alluvial fans, and lagoonal depressions, confirming their role as persistent loci of accommodation space and vulnerability across Quaternary to Anthropocene sea-level highstands.

The MIS 5e scenario (+6 m) indicates a major marine incursion, with inundation reaching up to 1 km inland from the modern shoreline. Submerged areas primarily include Quaternary coastal barriers and unconsolidated alluvial deposits, underscoring their high susceptibility to transgression. This extent is consistent with global warming conditions and glacioeustatic responses associated with partial polar ice-sheet collapse during the last interglacial.

The Flandrian Transgression (+3 m; ~6 ka) depicts a more moderate marine advance, concentrated in low-elevation coastal depressions adjacent to the present shoreline. While less extensive than MIS 5e, it nevertheless exerted a strong influence on Holocene barrier reorganization, particularly through reactivation of lagoonal systems and back-barrier connectivity.

The 2100 SSP5-8.5 scenario (+1 m) highlights critical future risks, particularly for urbanized and touristic sectors of Pozos Colorados. Progressive flooding is expected to impact residential, commercial, and tourism infrastructure, posing a threat to real estate developments that have expanded rapidly in recent decades. Additionally, saltwater intrusion into aquifers may compromise freshwater availability in Santa Marta, exacerbating existing water stress. Accelerated coastal erosion is projected to intensify beach loss, undermining tourism investments, the main economic driver of the region. Transportation corridors, including coastal roads, are also at risk of recurrent flooding and soil destabilization.

Integration of inundation models with the hypsometric map (Figure 8) demonstrates that the limits of past and future marine transgressions coincide with present-day low-lying morphostratigraphic surfaces east of the current shoreline. These surfaces include marine terraces, relict alluvial fans, and lagoonal depressions previously mapped as paleoshorelines. This correspondence underscores that the same geomorphic units that registered Quaternary highstands remain the most vulnerable to projected sea-level rise, highlighting the persistence of Morphodynamics controls across glacial–interglacial cycles.





4 Discussion

The results of this study reveal the dynamic interaction between natural processes and anthropogenic pressures that have shaped the Pozos Colorados coastal barrier over millennial to decadal timescales, with a marked acceleration of human influence in recent decades. The integration of remote sensing, multi-temporal shoreline analysis, geophysical subsurface imaging (GPR), and paleo-sea-level modeling allowed for a comprehensive reconstruction of the geomorphological evolution of this sector of the Colombian Caribbean, linking past coastal dynamics to present instability and future risk.

The identification of twelve morphogenetic units underscores the heterogeneity of depositional environments and hydrosedimentary regimes. Features such as beach deposits, alluvial fans, abrasion platforms, marine terraces, and coastal lagoons reflect a long history of eustatically driven transgressions and regressions during the Pleistocene and Holocene. This stepped configuration is consistent with regional and global studies (Pirazzoli and Pluet, 1991; Lambeck et al., 2002; Muhs et al., 2003; Toscano and Macintyre, 2003), which emphasizes the role of Quaternary sea-level oscillations in the construction of coastal landscapes.

Multitemporal shoreline analysis carried out by means of the CoastSat tool revealed a predominantly erosional pattern between 1986 and 2024, characterized by marked temporal fluctuations. The 1980s and 1990s the shoreline experienced a pronounced retreat, followed by alternating phases of localized accretion and erosion, including an intense retreat between 2015 and 2020 and a partial recovery after 2020. Despite limitations associated with image resolution, this pattern aligns with reported coastal instability in other Caribbean settings (Villate et al., 2020; Manzolli et al., 2024) and comparable barrier systems worldwide (Schuerch et al., 2018), attributed to the combined effects of increasing wave energy (Adams et al., 2024), declining fluvial sediment supply (Neal et al., 2002) and intensifying urban development. This ongoing erosional regime has led to the degradation of beaches, wetlands, mangroves, and seagrass meadows, directly affecting ecosystem services such as storm buffering and nutrient cycling (Simms et al., 2011; Anderson et al., 2014) as well as artisanal fisheries and local livelihoods (Villate et al., 2020; Manzolli et al., 2024).

Paleoshoreline mapping and paleo-sea-level reconstructions reinforce this long-term vulnerability. The simulated inundation envelopes for MIS 5e (+6 m) and the Flandrian Transgression (+3 m) show strong spatial overlap with fossil terraces, beach ridges, and relict lagoonal systems observed in the field. This congruence validates the reliability of digital elevation models for paleogeographic reconstructions (Kopp et al., 2009; Griggs and Reguero, 2021) and highlights the fundamental role of past transgressions in shaping the stepped topography of Pozos Colorados. Importantly, these inherited low-lying surfaces coincide with the zones projected to be re-inundated under future sea-level rise.

The SSP5-8.5 scenario for 2100 (+1 m) highlights the persistence of long-term geomorphological controls on coastal vulnerability. Similar to conditions during MIS 5e and the mid-Holocene, areas underlain by Quaternary barrier deposits and unconsolidated alluvial fans are projected to remain the most exposed. This continuity reflects how inherited topography and sedimentary composition condition the spatial distribution of future inundation areas, emphasizing that past coastal evolution allows to predict present and future risk patterns, particularly in zones now occupied by urban and tourism infrastructure. Projected impacts include chronic flooding, accelerated shoreline retreat, saltwater intrusion, and groundwater rise processes already documented as critical hazards for coastal aquifers and infrastructure (Simms et al., 2011; Thinh et al., 2019; Bosserelle et al., 2022; Spencer et al., 2022). The implications extend beyond physical vulnerability to socio-economic systems: real estate expansion, tourism competitiveness, and water security in Santa Marta are likely to face increasing stress, paralleling trends observed in other densely urbanized tropical coasts (Ministry of Water Resources, 2004; Jacinto et al., 2006; Rangel-Buitrago et al., 2015; Saengsupavanich et al., 2023).

Subsurface geophysical analysis complements these findings by documenting the internal stratigraphy of the barrier system. GPR profiles reveal three key depositional units: fractured bedrock, Pleistocene alluvial infill, and Holocene aeolian sands. The occurrence of paleo-topographic highs, erosional unconformities, terraces, and depressions demonstrates that the stratigraphic architecture of Pozos Colorados is controlled by basement morphostructure, which governed accommodation space and sediment pathways. This emphasizes the need to account for inherited geological controls when interpreting modern shoreline change (Tamura, 2012; Anderson et al., 2014; Leandro et al., 2019).

Overall, the evidence indicates that the vulnerability of Pozos Colorados is not only a function of present-day human pressures but also of its inherited geomorphological framework. The persistence of erosion despite intermittent stabilization reflects the compounded effect of long-term transgressive history, sediment-starved conditions, and anthropogenic alteration. The integration of remote sensing, modeling, and geophysics thus provides a robust basis for anticipating future change and underscores the need for science-based coastal management strategies that explicitly consider geomorphological inheritance.




5 Limitations

Several limitations of this paper must be acknowledged. First, the sea-level rise (SLR) model applied in this study is static in nature, since it does not incorporate dynamic processes such as waves, tides, currents, or storm surges, which may alter the actual extent of future flooding events. Second, the analysis relies on the spatial resolution of available satellite imagery, which constrains the detection of fine-scale shoreline changes. Third, bathymetric data were not included, limiting the capacity to model nearshore hydrodynamics. Finally, groundwater dynamics were inferred from literature and geomorphological evidence but were not directly monitored in the field. These constraints should be addressed in future research to improve the accuracy of coastal risk projections.




6 Conclusions and recommendations

This study demonstrates that the Pozos Colorados coastal barrier is a system whose current instability and future risks are deeply tied to both its inherited geomorphological framework and the anthropogenic pressures that have intensified in recent decades. The integration of tools such as CoastSat, GPR, and paleo-sea-level reconstructions provided robust evidence that the same low-lying surfaces formed during MIS 5e and the mid-Holocene correspond to the most vulnerable areas under 21st-century sea-level rise. The persistence of erosional dynamics, coupled with rapid tourism and real-estate expansion, indicates that the resilience of this shoreline has been significantly reduced, underscoring the urgent need for adaptation strategies.

Beyond surface coastal dynamics, hydrogeological processes emerge as a critical yet underestimated factor: rising groundwater levels and saline intrusion degrade water quality, salinize wells, and negatively affect health and agriculture. Moreover, groundwater rise has been recognized as a driver of chronic flooding and the destabilization of buried infrastructure even in the absence of storms, requiring active management of coastal aquifers. These risks are widely documented globally and in tropical contexts, and have already been addressed in Colombian Caribbean case studies (e.g., the Arroyo Grande coastal aquifer), which provide methodologies for assessing water quality and salinization processes in tropical coastal environments (Han et al., 2015; Arroyo-Figueroa et al., 2024; Zamrsky et al., 2024).

Policy and management lessons from the wider Caribbean highlight a turn toward ecosystem-based adaptation, adaptive spatial planning, and participatory governance. In Cartagena (Plan 4C), the incorporation of climate change adaptation into urban planning instruments and the use of “soft” measures (e.g., mangrove rehabilitation as natural infrastructure) offer a replicable pathway for Colombian coastal cities, albeit with persistent challenges of institutional coordination and implementation (Peter Adams, 2013; Alcaldia de Cartagena et al., 2014). In Cuba, the national program “Tarea Vida” prioritizes beach conservation and recovery, reef and mangrove restoration, and the spatial zoning of adaptation actions in highly vulnerable areas, providing an example of state-led climate policy with a territorial approach (CITMA, 2019). In Barbados, the integration of coastal zone management, regulatory innovation, and a protection accommodation retreat framework has been documented as good practice for sustaining tourism competitiveness in the face of SLR and erosion. Recent assessments of the urban coastal corridor reinforce the need for targeted investments to protect communities and strategic assets. Across the tourism dependent Caribbean, the evidence confirms that beach loss, erosion, and flooding undermine destination competitiveness and place pressure on local economies highly dependent on coastal resources, underscoring the need for sector specific adaptation strategies for tourism (Mycoo, 2014).



6.1 Recommendations for Pozos Colorados and its area of influence include

(I) incorporating SLR scenarios into land use planning instruments (POT/partial plans), delineating buffer zones and planned retreat corridors in low lying surfaces coinciding with paleoshorelines and lagoonal depressions; (II) implementing ecosystem based solutions such as mangrove restoration, dune rehabilitation, and lagoon reconnection to strengthen natural resilience; (III) establishing a long-term monitoring program of shoreline dynamics, sediment budgets, and aquifer conditions (salinity, groundwater levels) to anticipate chronic risks; (IV) developing sectoral adaptation plans for tourism and artisanal fisheries, including the relocation of vulnerable assets, economic diversification, and standards for climate-resilient infrastructure; and (V) fostering participatory governance mechanisms that integrate coastal communities, scientists, and decision-makers, ensuring that adaptation strategies are not only technically robust but also socially inclusive.

In conclusion, the geomorphological legacy of Pozos Colorados demonstrates that exposure to sea-level rise is not merely a future threat but rather the continuation of a long history of marine transgressions. The current challenge lies in transforming this knowledge into concrete adaptation pathways, combining nature-based strategies, policy innovation, and community participation. Only through science-informed and socially grounded governance will it be possible to reduce risk exposure and safeguard the ecological and socio-economic functionality of this coastal system in the face of inevitable sea-level rise.
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