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To understand the changes in the position of the mangrove forest fronts, migration trends of Rhizophora mangle along the coast, were analyzed in response to oceanographic, climatic variability and hydrological coast regulators. Due to the large biological, physical and climatic differences between Pacific and insular Caribbean coasts of Colombia, the working hypothesis proposed differences in migration drivers and mangrove responses between the coasts. Remote sensing and photointerpretation techniques were used to identify and quantify the spatial variation of deltaic forest types on the Pacific coast and open-water forest types in the Caribbean. Regression analysis was used to relate mangrove front changes with river water discharge, ENSO climate variability, and wave height and velocity coming from directions in interaction or not with the coral reef (in open water forest). It was found that in 13 years of observation (2010 to 2023), there were constant changes in the position of the mangrove front in both the Caribbean and the Pacific. Wave heights from directions that do not interact with the coral reef barrier, such as during periods of strong hurricane influence, along with ENSO variability, collectively explained the annual changes in the mangrove front of open waters (R² = 0.91). Freshwater discharge, which was linked to the size of a protective sediment bar in front of the mangroves, significantly accounted for the annual changes in mangrove coverage (R² = 0.70). During the period analyzed, the open-coast mangrove front exhibited a progradation of 0.45 to 1.02 yr⁻¹, while the deltaic mangrove in Bocagrande showed a retreat of 1.13 yr⁻¹.  These findings provide valuable insights for marine spatial planning, supporting mangrove conservation efforts.
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1 Introduction

Mangrove forests have been observed to modify their cover in response to physical changes in the environment, including climatic cycles and their variability (Friess et al., 2019). This adaptation is driven by their sensitivity and ability to thrive in the face of processes and phenomena occurring in the hydrosphere, lithosphere, and atmosphere (Spalding et al., 2014). One aspect of spatiotemporal variation in mangrove cover is the progradation and retreat of their outer edge. Such mangrove front changes are attributable to the response of mangroves (Lovelock et al., 2016) to abiotic factors or forcings (Hickey et al., 2021; Ghosh et al., 2020; Raw et al., 2019) at both local and regional scales (Spalding et al., 2014).

One of these factors is wave propagation, which causes fluctuations in the water level and wave energy, influencing mangrove forests (Pokhrel et al., 2022). Wave climate and its anomalies are a major energy forcing factor in much of the coastal zone, significantly affecting circulation, sediment transport, and coastal morphology (Babanin et al., 2019; Restrepo López et al., 2009). In addition, climate variability events associated with the El Niño Southern Oscillation (ENSO) constitute a key forcing factor. Changes in environmental conditions due to ENSO-associated variables, such as sea level pressure (SLP) and temperature, are common in many regions of the world, in both marine and terrestrial systems (Torres et al., 2016). These changes coincide with significant sediment accumulation and/or loss on coasts (Vos et al., 2021). These dynamics have implications for coastal vegetation cover. In northwestern Australia, for instance, a correlation has been identified between ENSO and alterations in the region’s mangroves, as demonstrated by a decrease in mangrove canopy cover during El Niño periods (Hickey et al., 2021).

The discharge of land-sea sediments through fluvial systems is a key factor in coastal change, as it serves as the primary mechanism for sediment transport and morphological evolution. This process is influenced by the horizontal advection of freshwater, which shapes the morphology of the fluvial plume and, in turn, affects sediment distribution along the coast (Vundavilli et al., 2021).

A recent Food and Agriculture Organization of the United Nations (2023) report highlights that the natural contraction and expansion of mangrove forests in South America are typical processes. In 2020, the FAO estimated a total mangrove area of 2.14 million ha for the region, with a loss of 89,400 ha and a gain of 91,300 ha from 2000 to 2020. In Colombia, the estimated mangrove area for 2020 is 280,754 ha, representing 56.1% of the country’s total coastline, following an estimated loss of 726,900 ha since 1996 (Global Mangrove Watch, 2024). Although the exact contribution of mangrove erosion and progradation to these changes remains unknown, it is evident that mangrove cover seaward is highly dynamic in deltaic and open coast systems (Restrepo and Cantera, 2013; Sánchez-Núñez et al., 2019)

In Colombia, mangrove forests are located along the coasts and islands of the Caribbean (27.3%) and Pacific (72.7%), covering an area of 2,891 km2 (Rodríguez-Rodríguez et al., 2021). This makes Colombia the sixteenth largest mangrove area globally (Bunting et al., 2022) and the first in terms of the tallest trees (Simard et al., 2025). However its significance lies not only in the extent of the forests, but also in their diversity. All mangrove types described in the latest biophysical typology are found in Colombia (Worthington et al., 2020). In the Pacific, characterized by very high annual rainfall and a mesotidal regime, deltaic and estuarine mangroves predominate, while in the Caribbean, with a microtidal regime and a mostly dry climate, lagoonal and open coast mangroves predominate (Mancera Pineda, 2022).

This research examines the migration of the R. mangle forest front in response to oceanographic (wave), climatic (ENSO), and hydrological (freshwater discharge) factors that drive coastal changes, with the aim of identifying and understanding site-specific migration trends. Remote sensing and photo-interpretation techniques were applied to identify and quantify the spatial variation of mangrove forests in the Bocagrande sector, Tumaco (on the Colombian Pacific coast), and in the Old Point Mangroves Regional Park on San Andrés Island (Colombian Caribbean), between 2010 and 2023. Given the large biological, physical and climatic differences between the Caribbean and the Colombian Pacific, the working hypothesis proposed variations in the migration factors and responses of R. mangle forests between these two coastal regions.




2 Materials and methods



2.1 Study area

The study was conducted in mangrove forests that were selected from distinct environments in terms of sedimentary origin, physiography, geology, and even conservation policies. Tumaco in the South Pacific and the island of San Andrés in the insular Caribbean (Figure 1). The mangroves of the insular Caribbean, the continental Caribbean, and the Colombian Pacific exhibit significant floristic differences, primarily attributable to three factors: 1. The strong climatic changes of the Pleistocene, marked by prolonged periods of drought and fluctuations in sea level, affected the vegetation of the Caribbean, while the Pacific coast maintained stable climatic conditions. The low tidal penetration, which oscillates between 40 and 60 centimeters in the insular Caribbean, causing the forests to be limited to narrow strips, contrasts with the tidal range of the Pacific, which oscillates between 2 and 3 meters in the low mesotidal zone. The range of the low mesotidal type is from 5 m to 3.5 m, and the range of the high mesotidal type is from 3.5 m to 5 m (Instituto de Investigaciones Marinas y Costeras José Benito Vives de Andréis, 2003). This enables the forests to extend inland, where the topography permits their settlement. The substantial productivity of the Pacific mangroves is attributable to the abundant supply of fresh water with inorganic nutrients, which are derived from the substantial quantity of hydric sources that flow into the Pacific (INVEMAR, 2003). This dynamic environment fosters the growth and proliferation of forests characterized by trees that attain heights exceeding 40 m, as previously documented by von Prahl (1989).
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Figure 1 | Location of the study area. (A) San Andrés Island, Colombian insular Caribbean. (B) San Andrés de Tumaco, Colombian Pacific.



Tumaco is located in one of the few global systems that remain without anthropic intervention: the Mira river Delta (Monroy et al., 2008), whose subaerial surface of 520 km2 is composed of intertidal plains, the delta front, and the prodelta (Restrepo López et al., 2008), an environment where sedimentation is highest (Syvitski et al., 1985). Its geomorphology is predominantly influenced by wave energy and is characterized by two major arms (Posada Posada et al., 2009) and eight distributary channels with a width of 521 m along a 50 km coastline. The estimated sediment discharge through the estuary is 9.77x106 t yr-1, with a maximum monthly streamflow of 3,270 m3 s-1 (López and Restrepo, 2007). According to Álvarez-Silva et al. (2022), the horizontal extension of the Mira river plume takes place parallel to the coast, symmetrically in the north and south directions. This phenomenon is attributed to the presence of the river, which generates significant currents directed towards the Bay of Tumaco. These currents are responsible for the transportation of sediments that nourish the beaches and bars, thereby safeguarding the municipal capital from the threat of marine hazards.

The oceanic island of San Andrés, the largest of a group of islands that form the archipelago of San Andrés, Providencia and Catalina, located in the northwest of the Colombian Caribbean Sea, was declared an International Biosphere Reserve by UNESCO in 2000. The island’s topography is distinguished by karstic features, featuring Tertiary limestone formations and recent Quaternary deposits. The island receives an average annual rainfall of 1973 millimeters, with temperatures ranging from 25°C to 30°C. The island’s climate is classified into three distinct seasons: a rainy season, which occurs from June to November and accounts for 80% of the annual precipitation; a dry season that extends from January to April; and two transitional months of May and December. This seasonal pattern has been documented by Medina-Calderón et al. (2021).

The Pacific study area is located south of the urban area, in the sector of Bocagrande, at coordinates 78°50’18.065”W, 1°48’45.318”N. There, the mangrove forest is of deltaic type, according to geomorphology, and of fringe type, according to its physiognomy, and is influenced by a very dynamic barrier beach due to the action of marine currents and the discharge of sediments from the Mira river. Furthermore, ENSO exerts a substantial influence on the hydrology and oceanography of the region, affecting variables such as precipitation rates, streamflow, and mean sea level (Álvarez-Silva et al., 2022).

The study area of the insular Caribbean is located within the confines of the Old Point Mangroves Regional Park, situated northeast of San Andrés Island at precise coordinates 81°42’3.918” W and 12°33’56.397” N. Given the absence of permanent water courses on San Andrés, the hydrological cycle of this mangrove is predominantly dictated by tidal fluctuations and precipitation (Sánchez-Núñez and Mancera-Pineda, 2011). According to their geomorphology, the mangroves on the island are of the open coastal type with karstic sediments (Worthington et al., 2020). The total area covered by the six forests on the island amounts to 1.51 km2 (Global Mangrove Watch, 2024). Of particular interest are the inland forests of Sound Bay and Smith Channel, which are not connected to the sea, and the edge and basin forests of Salt Creek, Cocoplum Bay, El Cove, and Old Point Regional Mangrove Park, which are connected to the sea (Medina-Calderón et al., 2021).

In both study areas, the pioneer species is R. mangle, which, according to the mangrove species zonation along the salinity gradient, is located in the lower estuarine zones (Costa et al., 2015). There are structural differences between the mangroves in the two environments: In Bocagrande, the Diameter at Breast Height (DBH) averages 31.11 ± 1.93 cm, with a density of 450 ± 54.09 ind. ha−1 and a relative abundance of 75% (Gomez Garcia, 2024), while in Old Point, the average DBH is 6.8 ± 0.1 cm, the density is 2520 ± 2.3 ind. ha−1, and the relative abundance is 68% (Quintero, 2025). Additionally, the volumetric biomass density calculated in cubic meters from the ground level (Horstman et al., 2014) is 0.085 in Bocagrande, while in San Andrés it is 0.022 (Echeverry Hernández, 2025) (Figure 2).
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Figure 2 | Structural differences of Rhizophora mangle trees in (A) Bocagrande and (B) Old Point.






2.2 Changes in the position of the mangrove front

A multitemporal analysis was conducted to characterize and analyze the morphological evolution and spatial changes in the position of the mangrove front, specifically of the pioneer species R. mangle. Remote sensing technology was employed due to its accessibility and cost-effectiveness. Satellite images from 2010 to 2023, obtained by Planet’s Education and Research Program (Planet Labs, 2023), were utilized (Figures 3, 4). This program provides daily imagery from the Planet Scope satellite constellation (2016-2023) and the Rapideye satellite constellation (2010–2014) (European Space Agency, 2024). The RapidEye images possess a spatial resolution of 5 meters, while the Planet Scope images have a spatial resolution of 3 m. The complete set of images corresponds to multispectral panchromatic images, comprising green, blue, red, and near-infrared bands, with a temporal resolution of one day for the equatorial zones (Table 1).
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Figure 3 | Satellite images of the Bocagrande sector in Tumaco used for the multitemporal analysis. Rapideye (2010, 2012, 2013, 2014) and Planet Scope (2016, 2017, 2018, 2019, 2020, 2021, 2022, 2023).
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Figure 4 | Satellite images of the Old Point sector on San Andrés Island used for the multitemporal analysis. Rapideye (2011, 2012, 2013, 2014,2015) and Planet Scope (2016, 2017, 2018, 2019, 2020, 2021, 2022, 2023).




Table 1 | Satellite images used in the analysis of the change in the position of the mangrove front line.



The satellite images were selected and subsequently processed using the visual analysis technique. This technique entailed the identification of the boundaries between the vegetation front, beaches, bars, or water bodies by shape, size, tones, and pattern (Lillesand et al., 2015). In each of the multitemporal images, all elements of the boundary line between the vegetation and the adjacent cover element or geoform (water or sediment) were vectorized. Subsequent to this, the alterations in the position of the mangrove front were measured. The utilization of the spatial position of the mangrove forest front as a bioindicator of coastal processes in the photointerpretation of images possesses the advantage that it is not influenced by the tide height at the time of image acquisition, since the spatial analysis is performed with a zenithal view of the forest canopy, in contrast to the analysis of changes in the coastline based on the interpretation of the land-water boundary, which depends on the time of image acquisition and the position of the tide at each instant.

The degree of accuracy of the position of the analyzed vegetation front line is determined by the spatial resolution of the images or the size of the pixels that compose it. The precision of the spatial positioning of the photo-interpreted details is contingent on the precision of the manual digitization, the spatial resolution of the images used (3 and 5 m), and the precision of their georeferencing (Gairin et al., 2021; Pogson and Smith, 2015).

The changes in the spatial configuration of the mangrove forest front were determined through the utilization of ArcMap 10.8 software, employing the Digital Shoreline Analysis System instrument developed by the U.S. Geological Survey. This instrument facilitates the automated estimation of change rate statistics from a sequence of coastal vector positions (Himmelstoss et al., 2021). The Digital Shoreline Analysis System is a widely adopted tool in research endeavors concerning erosion and coastal variability (Mishra et al., 2020; Oyedotun, 2014). The methodology employed is referred to as baseline transects (Federal Emergency Management Agency and US Department of Homeland Security, 2022) involves the establishment of equidistant transects perpendicular to a baseline, which follows the trajectory of the coastline. Each transect intersects each shoreline, enabling the measurement of the distance between them in meters. This approach is founded on a statistical technique known as the end point rate (EPR), which calculates the distance between two coastlines in meters by dividing the elapsed time in years between them (Jonah et al., 2016).




2.3 Wave parameters

The dataset under consideration in this study encompasses the ECMWF fifth generation reanalysis data for global climate over the past eight decades, designated as ERA5, which was obtained from the Climate Data Store (European Commission et al., 2023). These data are available since 1940, with hourly estimates of various variables, including oceanic variables. The data corresponding to the variables significant wave height (H), wave direction (D), and wave period (T) were obtained for specific pixels defined between the coordinates 1.5°N to 3°N latitude and 80°W to 78°W longitude for Tumaco, and 12.1°N to 13°N latitude and 81.5°W to 80.5°W for San Andrés. The data were downloaded in GRIB format and converted to.txt format using a Matlab routine. Consequently, the subsequent conversion facilitated the derivation of additional variables, including significant wave height, wavelength in deep water, number of waves, wave energy, group velocity, and wave power.

Considering the wave attenuation role attributed to mangroves, reducing wave energy by an average of 97% and dissipating approximately 86% of their energy (Ferrario et al., 2014), the changes in the vegetation front were analyzed in three sectors of Old Point, one in the northern area, protected by a bay in front of the Coast Guard station, another in the central area, parallel to the reef barrier, and finally one in the southern area, in front of Haines Bigth. Since San Andrés Island is protected by a coral reef about 8.5 kilometers long, located on the eastern side of the island, surrounding it from Johnny Cay at the northern tip to the sector of Rocky Cay, about 2.5 kilometers from the coast, a filtering of the wave data was performed, selecting those coming from the E, SE, S and SW, between angles 90° and 192.5° in direction, since this is the one that directly affects the southern area of the Old Point mangrove forest, given the absence of a coral reef in this sector. In the same sense, in the study area of Bocagrande, Tumaco, the data corresponding to waves coming from the NE, N, NW, W, SW and S, from directions 45° to 180° (counterclockwise), were selected, since these are the directions incident on the coastline, according to its orientation.




2.4 El Niño-Southern Oscillation

Climate variability events associated with El Niño have been shown to cause massive natural and social impacts around the world (Zebiak et al., 2014). In order to prepare responses to climate variability, observations, records, and forecasts are needed. To this end, several indices have been developed to monitor ENSO events based on sea surface temperature (SST) anomalies averaged over a given region (van Oldenborgh et al., 2021), such as those located between 170°W-120°W longitudes and 5°S-5°N latitudes (Bartholomew and Menglin, 2013).

One such index is the Oceanic Niño Index (ONI), which was developed in the 1990s by the Space Weather Prediction Center (NWS) of the National Oceanic and Atmospheric Administration (NOAA) (Webb & Magi, 2022). The ONI is designed to monitor changes in sea surface temperature (SST) in the tropical regions of the Pacific Ocean. The 3-month moving average (December–February, January–March, February–April, etc.) is employed to predict the onset and duration of the anomaly. The classification of El Niño or La Niña phenomena is determined by the extent of anomalies that exceed +0.5°C or -0.5°C for a minimum of five consecutive months. Typically, anomalies are calculated relative to a 30-year base period that is updated every five years (Glantz and Ramirez, 2020). Historical data concerning El Niño/La Niña events from 1950 to the present can be found on the NOAA’s ONI website (NOAA, 2023). When the threshold is reached for at least five consecutive overlapping seasons, periods of above-normal SST are shown in red and cool or below-normal periods are shown in blue, based on the Extended Reconstructed Sea Surface Temperature (ERSST) analysis. The values for the study years (2009-2023) were obtained from the ONI.




2.5 Streamflow

The large deltas and estuaries of the Colombian Pacific coast are mainly the result of large sedimentation from the Western Cordillera (Posada Posada et al., 2009) and the semidiurnal tidal range, with average heights between 2 and 4 m. A total river discharge to the Pacific Ocean of 254 km3 per year has been calculated, and a suspended sediment transport rate of 96 x 106 t yr-1 has been determined, corresponding to a sediment production of 1260 t km2 yr-1. The three rivers that contribute the most sediment to the Colombian Pacific coast are the Patía, the San Juan, and the Mira, accounting for over 40% of the total load (López and Restrepo, 2007).

For the Pacific study area, the Mira river was selected as the hydrological element forcing changes in the coastline due to the geographic location and distribution of its delta, of which the Tumaco study area is a part. The main drainage system is located at Cape Manglares and has seven distributaries or estuaries, smaller to the south and north of the main channel, which control the stability and evolution of the coastline into which they streamflow (Restrepo López and Otero Díaz, 2007) (Figure 5). Given the absence of rivers on San Andrés Island, the present analysis was conducted exclusively for Bocagrande, Tumaco.
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Figure 5 | Mira River Delta, of which the Bocagrande sector is a part, and location of IDEAM’s San Juan Mira station from where the Mira River streamflow data was obtained.



The daily mean streamflow data for the present study were obtained from the Institute of Hydrology, Meteorology and Environmental Studies (IDEAM), specifically from the automatic technology limnigraphic station with telemetry called SAN JUAN MIRA - AUT [51027060], located at latitude 1.4239 N and longitude 78.6703 W, at 2 m above mean sea level.

The mean streamflow has a daily temporal resolution; consequently, total averages were calculated for the periods between the acquisition dates of each pair of consecutive satellite images used in the multitemporal analysis of changes in the mangrove front.




2.6 Data analysis

Simple and multiple linear regression analyses were performed between the rates of change for each pair of shorelines in consecutive years as a function of wave height and velocity, ONI, and mean river streamflow. Given that, under natural conditions, mangroves depend on propagule rooting to maintain their populations and colonize new areas, and since propagule establishment and growth into seedlings can take between 17 and 30 days depending on nutrient availability (Tovilla Hernández and Orihuela Belmonte, 2002), the rapid growth observed during the first three to four months after recruitment likely results from the use of nutrient reserves stored in the propagules and the contribution of foliar photosynthesis (de Oliveira Lima et al., 2018). Linear and multiple correlations were performed with averages of six months of data, before the start of each period. This approach was taken to consider the response time of R. mangle, according to the methodology proposed by Duke et al. (2022) (Figure 6).


[image: ]

Figure 6 | Methodological process applied to the data for each evaluated variable.







3 Results



3.1 Changes in forest front position

A multitemporal analysis of the mangrove front reveals high spatial variability over a short period. This variability in the forest front was observed in both regions studied (Figures 7A, B). Overall, from 2010 to 2023, the rate of change in mangrove front in the Bocagrande study area was negative, indicating an average retreat of 1.13 m yr-1. However, when analyzing each annual period, the rate of change showed great variability across all the periods evaluated, with a maximum retreat of the mangrove front of 19.75 m yr-1 between 2017 and 2018, and 18.05 m yr-1 between 2019 and 2020. The periods 2014–2015 and 2021–2022 had the greatest stability, while the periods 2016-2017, 2018-2019, and 2022–2023 showed the greatest progradation with rates of 9.18, 9.93, and 11.69 m yr-1, respectively. The results of the overall endpoint rates are shown in Table 2.
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Figure 7 | Vegetation front lines digitized from images of the Bocagrande coast (A) and the Old Point coast (B).




Table 2 | Rate of movement or change in position of the mangrove front calculated for Bocagrande, Tumaco, from the spatial position of the mangrove front in different years.



The mangrove front changes in the insular Caribbean Island were similar to those of Bocagrande in terms of annual variability. However, unlike the Pacific, the overall trend from 2011 to 2023 was forest accretion in the three sectors, with a positive rate of change of 0.45 m yr-1 in the center; 0.05 m yr-1 in the north and 1.02 m yr-1 in the south. The southern zone showed the greatest variation despite being within a bay, while the central and particularly the northern zone showed much less variation in the forest front.

The years with the greatest forest retreat at Old Point were 2013–2014 and 2022–2023 in the central sector with 6.6 and 6.42 m yr-1 respectively; 2012–2013 in the northern area with 8.8 m yr-1; and 2020–2021 in the southern area with 6.76 m yr-1. The largest positive migrations occurred in 2012–2013 for the central area (7.57 m yr-1), 2020–2021 for the northern area (10.65 m yr-1), and 2012–2013 for the southern area (6.02 m yr-1). These results show that each sector of the same forest, depending on its orientation with respect to the incident waves or degree of exposure, exhibited variations with different patterns that did not follow a general trend (Table 3).


Table 3 | Rate of movement or change of position of mangrove front calculated for Old Point, San Andrés Island, from the spatial position of the mangrove front in different years.






3.2 El Niño – Southern Oscillation

The linear correlation between the mangrove front shift in Bocagrande and ENSO yielded a p-value of 0.16, indicating that there is no statistically significant relationship at the 95.0% confidence level. Furthermore, the R-squared statistic indicates that the fitted model explains only 22.44% of the variability in mangrove front position and the correlation coefficient is equal to -0.47, indicating an inverse but relatively weak relationship between mangrove front migration and ENSO (Figure 8A). On San Andrés Island, the R-squared statistic indicates that the fitted model explains 22.16% of the variability in the forest front. The correlation coefficient is 0.16, indicating a relatively weak relationship between the variables. (Figure 8B).
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Figure 8 | Results of the linear regression between the forcing variables and the response of the mangrove edge: (A) Bocagrande mangrove migration - ENSO, (B) Old Point mangrove migration - ENSO, (C) Bocagrande mangrove migration - Mira river total streamflow, (D) Bocagrande mangrove migration - Group velocity, (E) Old Point mangrove migration - Significant Wave Height, (F) Old Point mangrove migration - Wave velocity.






3.3 Mira river water discharge

In Bocagrande, the linear regression between the mangrove front change and the total streamflow (in m3) of the Mira River had a statistically significant relationship (p-value= 0.0045). The R-squared statistic indicates that the fitted model explains 70.74% of the variability in the position of the mangrove front, and the correlation coefficient of 0.84 indicates a moderately strong direct relationship between the two variables (Figure 8C).




3.4 Wave-related variables

It was found that wave velocity, group velocity, and significant wave height differentially explained changes in the mangrove front at the study sites (Table 4). In Bocagrande, the most explanatory variable was group velocity of waves, while in San Andrés, it was the wave velocity and significant wave height. There was no statistically significant relationship between changes in mangrove front position and group velocity of waves in Bocagrande. However, the p-value=0.06 and the R-square value indicate that the fitted model explains 33.54% of the variability in mangrove front changes. The correlation coefficient of 0.58 indicates a moderately strong relationship between the variables, with a significance level just above the threshold to reject the null hypothesis (Figure 8D).


Table 4 | Results of correlation between mangrove forest migration and wave-associated variables.



In San Andrés Island, the relationship between the change in the position of the mangrove front and the wave height was statistically significant with a confidence level of 95.0% and a p-value=0.0002. The R-squared statistic indicates that the fitted model explains 83.38% of the variability in the central side, and the correlation coefficient is equal to -0.91, indicating a relatively strong inverse relationship between the variables (Figure 8E).

On the other hand, the relationship between mangrove front change and wave velocity was statistically significant, indicating a moderately strong inverse relationship between the variables (95.0% confidence level; P=0.03; R-square = 47.18%) (Figure 8F).




3.5 Main drivers of mangrove front change

In San Andrés, significant wave height (P=0.0002) and ENSO (P=0.04) collectively explained 91.1% of the variability in mangrove front change in the central sector of Old Point, according to multiple linear regression analysis. Including wave velocity in the model (P = 0.54) did not increase considerably its explanatory power (R-squared = 91.7%). In Bocagrande, the explanatory power of the model reached 85.3% by including ENSO (P = 0.14), group velocity of waves (P = 0.14), and freshwater discharge as explanatory variables. However, only freshwater discharge significantly accounted for the observed variability (P = 0.02).





4 Discussion

The services provided by mangroves vary with forest type and location (Walters et al., 2008; Gilman et al., 2008; Ewel et al., 1998), and changes in mangrove cover have important implications for coastal areas, regardless of forest type. Mangrove loss can increase vulnerability to hazards such as erosion, flooding, waves and storm surges (Danielsen et al., 2005; Kathiresan and Rajendran, 2005; Dahdouh-Guebas et al., 2005); lead to a loss of biodiversity, as mangroves serves as refuge and breeding habitats for many species from different taxonomic groups (Malik et al., 2015); affect coastal water quality (Gilman et al., 2008); and, in general, generate significant negative impacts on human communities that depend on them directly and indirectly (Nagelkerken et al., 2008; Walters et al., 2008; Mumby et al., 2004; Ewel et al., 1998). This is likely the case for communities in the Colombian Pacific (López-Angarita et al., 2016). Therefore, the analysis of mangrove forest migration as a bioindicator of coastal processes is of great interest for both scientific understanding and environmental management.



4.1 Terrigenous sediments and mangrove frontal shifts

The supply of sediment by rivers regulates the relief and is considered one of the most dynamic geomorphological variables in the coastal landscape (Hooke, 1977; Gupta and Fox, 1974; Coleman, 1969; Turnbull et al., 1966). Thus, understanding fluvial processes is essential for comprehending geomorphological processes, such as erosion and progradation (Hooke, 1979). Deltaic mangroves are closely linked to their basins; the contributions of water, sediment and nutrients strongly influence ecosystem processes as well as the composition, structure and function of biological communities (Poff et al., 2006; Resh et al., 1988).

In Bocagrande, Tumaco, the greatest retreat of the vegetation front occurred during periods with the lowest freshwater discharge from the Mira River. Although the sources, sinks, and sediment fluxes in river systems vary greatly in both time and space (Trimble, 1999), reduced river discharge leads to lower sediment inputs (Florsheim et al., 2011). Between 2010 to 2023, the temporary reduction in the sediment load of the Mira river resulted in episodes of coastal erosion at its mouth, increasing the vulnerability of the mangroves and leading to the loss of cover due to the retreat of the front. During years of low freshwater discharge, sediment bars in front of mangroves are smaller (e.g. 2012). As a result, protection from waves and tidal currents diminishes, and mangrove cover contracts seaward probably due to defoliation and stress at minor erosion rates and by tree uprooting and death at strong erosion rates, as observed in other locations (Sánchez-Núñez et al., 2019). In contrast, mangrove progradation on Bocagrande coast was influenced by the availability of sediments discharged by the Mira River and by waves parallel to the coast that transport and distribute the sediments. During years of high discharge, sediment bars become larger, providing greater protection, and allowing mangrove foliage to recover and expand. Furthermore, sediment accumulation during favorable years aids in the development of propagules and seedlings, which eventually mature into juveniles and enhance sediment retention.

The position of the mangrove forest front on Bocagrande showed high variability, with periods of both progradation and retreat in response to the discharge of the Mira river and the redistribution of sediments. Similar findings have been observed in other Pacific regions, such as southern Thailand, where coasts near river mouths and sheltered bays experience higher rates of forest expansion, while erosion increases in areas when river contributions are reduced (Thampanya et al., 2006). River modification can have catastrophic consequences for mangroves, as recorded in a sector of the Colombian Pacific north of Tumaco, where approximately 5,200 ha of mangroves died due to the diversion of water from the Patía River to the Sanquianga river (Restrepo and Cantera, 2013).

The predominance of erosion over progradation in Bocagrande in terms of magnitude (34% larger), but not in the number of events (five versus six), indicates that while vegetation retreat processes can occur in very short periods of time, such as days, recovery, colonization and development processes require months to years (Teutli-Hernández et al., 2020).

On San Andrés, on the other hand, there are no permanent surface water flows, and only during rainy periods small drainage areas are formed on the western side of the island and some small channels drain the eastern side (Vargas Cuervo, 2004). In addition, the island corresponds to an open coast geomorphic setting (Hubach, 1956), characterized by oligotrophic waters with few nutrients (Geister and Díaz, 2007). Under these conditions, other factors other than the availability of terrigenous sediments are more relevant, as discussed in the following sections.




4.2 ENSO and changes in mangrove fronts

According to the annual average streamflow of the Mira river, from April 2021 to January 2022 the river reached its highest flow of 1,025.46 m3 s-1, coinciding with the La Niña phase of ENSO. In Colombia, this phase is characterized by intense rainfall, river flooding, avalanches, and flooding of plains in the Andean and Caribbean regions. Conversely, the lowest flow of the Mira river occurred between April 2009 and April 2010 with 634.35 m3 s-1, coinciding with the El Niño phase of ENSO, during which droughts and forest fires affect most of the territory, except for the southern Pacific region (Sánchez et al., 2001). A similar response was observed in the Atrato river Delta, where periods of erosion and progradation coexist in different regions, with a delayed coupling to the transitions between La Niña and El Niño phases, but stronger associations with the dry and rainy seasonal cycles. Erosion often coincides with dry seasons (Vásquez-Salazar et al., 2024). In the Gulf of Carpentaria, mangroves are more vulnerable during El Niño conditions due to droughts caused by reduced rainfall (Duke et al., 2022). The mangrove migration in response to the El Niño phase of ENSO in Bocagrande aligns with findings by Vos et al. (2021) on sandy beaches in the Pacific basin, where erosion rates predominated during El Niño periods in western North America, South America, Japan, and the Hawaiian Islands. Despite trends found between ENSO phases and mangrove front changes in this and other studies, the seasonal linear regression between the ONI index and the daily Mira river flows showed that ENSO does not have a significant relationship with the Mira river freshwater discharge.

The lack of a strong correlation between ENSO and Mira river discharge suggests that other climate variability drivers not assessed in this study may contribute to the river’s hydrological variability. low-intensity climatic variability processes, such as the Pacific Decadal Oscillation (PDO) or sea surface pressure (SLP) anomalies, could be such drivers, as found in the Magdalena (Restrepo López, 2014), Amazon (Amarasekera et al., 1997), Orinoco, Sao Francisco, and Tocantis rivers (García and Mechoso, 2009). Therefore, the weak correlation between mangrove front changes in Bocagrande and the ONI index in this study may be explained by a delayed response to ENSO events.

The contrasting results observed between Bocagrande and Old Point in the relationship between ENSO and mangrove front changes suggest different underlying mechanisms. In the open-water mangrove forest of Old Point, the cold phase of ENSO (La Niña) caused a retreat of the mangrove front, while in Bocagrande there was a progradation trend. During the La Niña phase, Old Point experiences higher rainfall, which leads to wet sediments that facilitate wave erosion. Similarly, in Cispatá Bay, higher erosion rates were found during La Niña compared to El Niño in fringe mangroves with low sediment availability (Data not published).




4.3 Waves, coral reef protection and changes in mangrove fronts

Hydrodynamic processes on the eastern side of San Andrés Island, driven by offshore waves, have different effects depending on the configuration of the reef barrier. The reef dissipates a large part of the incident wave energy coming from the east and northeast. The southeast side is less protected because the reef is smaller and even has an opening at the coordinates 81°41’40.35”W-12°32’13.859”N (Olarte Cáceres, 2019). Hurricanes can pass at relatively far distances from San Andrés island or relatively close as during November 2020. They can modify the usual wave energy and direction patterns around the island (Bernal et al., 2016). Thus, a mangrove retreat in the central sector of Old Point is expected if a hurricane increases wave energy from the south and south east as waves from these directions do not interact with the main reef barrier and its dissipation power.

In San Andrés, waves were more closely associated with mangrove front changes, compared to the result from the Pacific. Wave energy is one of the main drivers of erosion in mangrove environments with low sediment availability (Sánchez-Núñez et al., 2019). The impact of waves leads to the loss of finer, less dense particles and the accumulation of the heavier, coarser particles. However, these changes depend on the physical properties of the sediments, such as grain mass, density, size, morphology, as well as porosity, cohesion and fabric (Robert, 2009). Thus, the behavior of the wave-sediment relationship is different in the two study areas owing to the availability, origin and properties of their sediments.

On the other hand, the seaward colonization of propagules is challenging in Old Point due to the presence of a cliff at the mangrove front, which limits propagule establishment under conditions of high inundation and relatively high wave energy. The cliff results from sediment retention by prop roots. Its gradual, long-term expansion seaward may be attributed to the transport and retention of skeletal sediments of coral origin, non-skeletal sediments composed of grains produced by physicochemically induced carbonate precipitation, and, to a much lower extent, to sediments derived from terrestrial sources

Wave variables were a key driver of mangrove front changes in both study areas. On the one hand, on San Andrés Island, wave height drove forest edge expansion or retreat, while in Bocagrande, the opposite response occurred, given the high availability of sediments provided by the discharge of the Mira River; the greater the group velocity of waves, the more sediments accumulated, which may have favored R. mangle foliage recovery and colonization. These different behaviors between the Caribbean and Pacific forests are consistent with the results found by Sánchez-Núñez et al. (2019) in the mangrove forest of the Sinú river delta in the Colombian continental Caribbean at sites with low sediment availability. Low wave energy triggered accretion, while relatively high wave energy caused erosion.

In San Andrés, the expansion of mangroves is not linked to the growth of sediment bars in front of the mangroves fed by allochthonous sediments of fluvial, anthropogenic or shallow marine origin, as in the case of Bocagrande or other areas of the Colombian continental Caribbean, such as the Gulf of Urabá (Suárez et al., 2015). In Old Point, mangroves are directly exposed to waves, and mangrove expansion episodes observed in this study can be attributed to foliage recovery. Years of mangrove front retraction, caused by high wave energy from the south — which does not interact with the reef — are typically followed by years of expansion when wave energy decreases. Mangrove front expansion occurs by the horizontal growth of new branches generated from edge trees. Branches growing close to the sea surface can also produce prop roots, which help gain ground towards the sea. During strong wave events or years, leaves are more affected than prop roots, and during favorable years leaves can quickly recover from colonizing branches and prop roots. For instance between 2020-2021, the time interval when Hurricane Eta and Iota affected San Andrés, mangrove cover contracted by 5.5 m. The following year cover expanded by 3.2 m. Mangrove cover is assessed through the greenness signal, which reveals strong changes in the mangrove canopy due to wave action, despite the higher resilience of roots.




4.4 Geomorphic types, coastal environments, and coastal change

The geomorphic settings of the coasts studied undoubtedly influences the responses of the mangrove front. The mangrove forest of Old Point in San Andrés is protected from the direct action of the sea by a reef barrier, while in Bocagrande (Tumaco) the mangrove is protected by a sandbar that forms and disappears cyclically. The interaction between sediment availability, properties, accommodation space and the capacity of morphodynamic agents to transport and distribute them is the fundamental basis that conditions the evolution of coasts, determining their type, shape, structure, as well as their stability (Restrepo López, 2018). Moreover, these determinants largely depend on the origin of the sediments, whether fluvial, as in the case of Tumaco, whose sediments are transported by terrestrial drainage, or biological, as in the case of San Andrés, whose carbonate sediment is mainly of coral origin (Jackson and Short, 2020).

The results of this study show that different environmental factors influence the spatial arrangement of mangrove forests and that they respond relatively quickly to variations in these forces. The response varies according to the type of forest, its characteristic physiography and, in the case of San Andrés, according to the interaction of waves, extreme events, and coral reef heterogeneity.

Based on these findings, it is possible to conclude that the response of mangrove forests to the regulating and forcing factors of coastal change is diametrically different between the Pacific coast and the oceanic Caribbean islands (Figures 9A, B), so that prevention, response, and adaptation plans must be designed according to the type of forest and the environmental conditions that define it. The study, management, protection and effective restoration of mangrove ecosystems must take into account the biological, geographic, and physical differences of each region, as well as its specific responses to the dynamic and changing environment, in order to ensure their integrity and the provision of ecosystem services.


[image: ]

Figure 9 | Diagram showing the ecosystem connectivity between mangroves and the environment. (A) Bocagrande, (B). Old Point.



Understanding the specific mechanisms that influence the adaptations of this ecosystem in different sedimentary environments and disturbance regimes will allow more accurate projections of the long-term impacts of forcing factors that influence both their ecosystem integrity (Krauss et al., 2013) and the provision of ecosystem services. Based on site-specific knowledge, it is possible to develop successful restoration strategies in ecosystem-based adaptation projects to mitigate mangrove loss due to erosion associated with sea-level rise, impacts resulting from changes in coastal sediment availability, wave climate and extreme events. Monitoring, using high-resolution imagery to map forest cover and early stages of colonization in rapidly changing landscapes, together with time-series data of environmental variables, can support evidence-based policy decisions on coastal migration in response to ecosystem forcing.





5 Final considerations

In the present study, it was found that in only 13 years of observation, there were constant changes in the position of the mangrove front, both open-water karst type in the insular Caribbean and of the deltaic type in the Colombian Pacific, which receives water from the Mira river. Although the net magnitudes of change were similar, the predominant direction of migration was not. While in the open water forest, the mangrove migrated towards the sea and gained cover, in the deltaic mangrove, there was a retreat.

The results of this study showed that while it is true that environmental drivers shape mangrove front changes, the magnitude and direction of such changes varies between regions and depends on local hydro-morphodynamic conditions. The documented changes in the migration of the two types of mangroves support the hypothesis and showed that there is no single mangrove response trend and that different types of mangroves respond quickly and differently to coastal disturbance factors.

The mechanisms involved in the response of R. mangle forests were varied in this study. The sediment dynamics provided by the Mira river is the main driver of the migration of the deltaic mangrove in Tumaco, dominating the mesotidal regime and the high rainfall characteristic of the Colombian Pacific region. In contrast, waves and ENSO are the main drivers of the migration dynamics of the open-water mangrove on San Andrés Island, a microtidal mangrove without river input, where sediments come directly from the sea or are of autochthonous origin.

Just as mangrove forest cover is affected by drivers of change, so too is the provision of ecosystem services. The service of coastal erosion mitigation varies in response to the changes the forest undergoes in response to these drivers. Similarly, the ecosystem service of carbon capture and storage is directly affected. The degradation of the areas covered by these forests not only reduces the density of carbon to be stored but also releases into the atmosphere large reserves of blue carbon that were previously sequestered mainly in sediments.

Analyzing, understanding, and monitoring these responses and identifying local, site-specific trends in mangrove forest front change is necessary to understand coastal processes and define timely and successful management strategies in the areas of the country where this ecosystem is present, together with their coastal landscape and seascape. For example, if the Bocagrande mangrove depends directly on the sediment supply from the Mira river, a reduction in these due to natural or anthropogenic changes in the river will reduce the resilience of the forest. In addition, coral reef health, openings and unprotected coral reef areas drive changes in the mangrove front, given their interactions with wave energy. The results of this study provide a positive contribution to mangrove ecosystem restoration plans in the phases of prioritization of areas with restoration potential, identification of stressors and disturbance regimens that cause ecosystem degradation, and identification and implementation of restoration actions that address stressor and disturbances. They could also be considered in broader public policies such as coastal marine management, marine spatial planning and multipurpose cadastre.
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