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Abstract

Plant communities on the sandy beaches of Martinique are subject to anthro-
pogenic and abiotic disturbance. This study assesses disturbance regimes and
the resulting diversity of ecotones by analysing floristic assemblages, historical
orthophotography and field observations. The concepts of dynamic state mo-
saics and tipping points are used to interpret the evolutionary trajectories of
these formations. The results reveal the coexistence of plant communities at
different successional stages, influenced by past and present pressures. Inter-
actions with adjacent agrosystems, informal uses, developed infrastructure
and coastal erosion modulate the resilience of these communities, favouring
the emergence of steep, progressive, mosaic ecotones. Underscoring the im-
portance of integrated, adaptive management of coastal zones, the accumula-
tion of disturbances beyond critical thresholds can lead to irreversible ecolog-
ical change.
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1. Introduction

Coastal zones, complex interfaces between marine and terrestrial environments,

are dynamic and fragile environments, characterized by a wide variety of forms
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and functions [1]-[3]. Our study focuses on plant communities on the sandy
beaches of Martinique in particular embayed beaches (also named “pocket
beaches”), which represent around 75% of the island’s beaches [4]. A number of
theorical models can be applied to analyse these specific coastal zones. The dy-
namic gradient model proposed by Professor Joseph [3]-[6] will serve as the main
theoretical framework for studying ecological successions and characterizing the
evolutionary stages of these formations. Complementary bio-geomorphological
approaches enrich the understanding of beaches as dynamic systems, where in-
teractions between sedimentary landforms and plant communities shape ecolog-
ical structures [7] [8].

The concepts of dynamic state mosaics and tipping points enable the analysis
of critical transitions and multiscale interactions in a context of increasing dis-
turbance.

In ecology, a disturbance is generally defined as a one-off event in time and space
that modifies the structure of an ecosystem, a community or a population, and alters
the availability of resources or local abiotic conditions [9]. This classic definition
emphasises the disruptive effect of disturbances on the biotic and abiotic compo-
nents of the system. However, more recent research in ecosystem ecology broadens
this perspective by integrating the notion of ecosystem functioning: a disturbance
can simultaneously stimulate certain functions, reduce others, or generate new ones
[10]. The multifunctional nature and variability of responses to a disturbance re-
quire an integrative approach that takes into account temporality, intensity, fre-
quency, spatial distribution, and the nature of the affected components [11].

Dynamic state mosaics delineate the coexistence of ecological communities at
different successional stages, thereby connecting community dynamics to key dis-
turbance attributes—such as frequency, intensity, and biotic legacies—arising
from local influences and biotic-abiotic interactions [12] [13]. Furthermore, tip-
ping points represent critical thresholds where ecosystems rapidly—and often ir-
reversibly—transition to a new stable state due to complex disturbances or feed-
back mechanisms. A thorough understanding of these thresholds is crucial for
sustainable management, as it allows for the timely identification of corrective
measures to maintain coastal ecosystem resilience [14] [15].

In the context of long-term strategic planning for the coastline of Martinique,
a fundamental challenge lies in achieving a discerning approach between the im-
perative of ecological preservation and of socio-economic development. As Huang
observes [16], integrated coastal planning must take into account the mounting
pressures resulting from human activity, including urbanisation and tourism,
while relying on participatory and adaptive frameworks. Resilience refers to the
capacity of an ecosystem to absorb disturbances, reorganise itself and maintain its
essential functions, structure and identity. This fundamental property stems from
complex interactions between processes operating at different spatial and tem-
poral scales. Dynamics at higher levels (e.g. climate, land use) and lower levels

(e.g. functional diversity, ecological microprocesses) modulate the stability of the
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system and determine its ability to persist or transform in the face of pressures
[17]. The preservation of the ecological resilience of Martinique’s coastal plant
communities relies on balanced governance mechanisms, as illustrated by the
management strategy for the maritime public domain in Martinique [16] [18].

Maintaining this resilience requires stabilising desirable ecosystem states via
positive feedback loops and mitigating anthropogenic pressures [19]. An inte-
grated management approach that accounts for ecological and socio-economic
dynamics, while addressing power asymmetries among stakeholders, is crucial for
optimising ecosystem service utilisation. Finally, anticipating critical transitions
(tipping points), often irreversible and caused by complex interactions between
environmental and socio-economic pressures, requires adaptive, multi-scale ap-
proaches [19] [20].

Despite the high prevalence of bay beaches in the Caribbean islands [21] [22],
the functional dynamics of coastal forest formations and their relationship with
these geomorphological characteristics have only been the subject of a limited
number of studies [3] [23] [24]. This research gap is particularly worrying given
that these ecosystems play a key role in the resilience of coastal areas to natural
and anthropogenic disturbances.

In this context, sustainable management of embayed beaches in Martinique ne-
cessitates an integrated scientific approach that considers both ecological dynam-
ics and site-specific anthropogenic pressures. Based on ecological models and spa-
tio-temporal analyses, the work presented here aims to enhance our understand-
ing of the dynamics of plant formations on embayed beaches in Martinique,
thereby providing valuable insights for preserving their ecological resilience.

The eight sites selected for this study represent an exploratory and foundational
step toward a broader-scale investigation (Figure 1). This initial research phase is
designed to test the relevance and robustness of the theoretical framework applied
to these coastal ecosystems, while developing a replicable methodology that facil-
itates future comparative studies. The selected protocol integrates floristic inven-
tories, geomatic analyses, and ecological indicators, offering a coherent model to
characterise successional stages and assess disturbances and their regimes.

This study should thus be understood as a methodological reference point: it
establishes a reproducible analytical structure that can be extended to other sites
in Martinique and adapted to comparable coastal environments across the Carib-
bean. Despite its limited sample size, the approach enables the identification of
significant local patterns and general ecological mechanisms, thereby contributing

to the development of informed and context-sensitive management strategies.

2. Materials and Methods

2.1. Geological and Climatic Context of Martinique’s Sandy Coastal
Formations

Martinique is part of the Lesser Antilles volcanic arc. This island has a complex

geology resulting from several eruptive phases and major tectonic movements.
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Figure 1. Location of study sites Sources des données cartographiques utilisées: [25]-[27].
The white number along the pink line indicate shoreline change, expressed in millimetres,
between 2004 and 2010.

These processes have shaped a diversity of landforms and soils, significantly in-
fluencing current coastal dynamics [28] [29]. The island’s tropical climate, mod-
erated by the trade winds, is characterized by an average annual temperature of
26.5°C and abundant rainfall, averages 1950 mm per year. This rainfall, concen-
trated between June and November, coincides with the cyclone season, during
which cyclones, storms and flooding episodes are major disturbances for sandy
coastlines [30].

A sandy beach is defined as an area dominated by accumulations of clastic sed-

iments, forming a sedimentary cell. These geomorphological units are delimited
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by natural (rocky headlands, river mouths) or anthropogenic (dykes, groins) ob-
stacles and are characterized by a relative autonomy of longitudinal and transverse
sediment transfers [31]. In this study, we focus on areas dominated by sediments
with grain sizes ranging from 0.0625 mm to 10.24 cm, according to Wentworth’s
(1922) classification [32]. In Martinique, sandy coastlines account for around 12%
of the 450 km coastline (including islets), with a wide variety of morphologies
influenced by natural factors such as tides, hydrodynamics and local geological
features [4] [31] However, these beaches are also subject to increasing anthropo-
genic pressures, including urbanization and tourism [33] [34], which alter their
sediment dynamics and ecological resilience [1] [3] [23]. Two key morphody-
namic processes determine the evolution of these beaches: tilting and oscillation
of the coastline. Tilting, induced by swell variations, generates lateral displace-
ments of sediment within the bays, while oscillation, linked to storms and seasonal
shoreline oscillation, causes the coastline to alternate between advancing and re-
treating. These processes directly influence the stability of beaches and their abil-
ity to absorb energy disturbances, potentially leading to a net loss of sand [4].

In Martinique, 117 sediment cells have been identified, including open beaches
and embayed beaches [4]. Open beaches, with few indentations, extend over long
sandy stretches and present relatively simple dynamics. On the other hand, em-
bayed beaches, occupying the bottoms of convex bays and often fed by adjacent
rivers, make up nearly 75% of the island’s sandy beaches. Although small in size,
these beaches have complex sediment transport dynamics due to the structures
that delimit them and the sedimentary flows that feed them [4]. Their high sensi-
tivity to climatic variations and anthropogenic pressures makes them particularly

vulnerable ecosystems [3] [4] [7].

2.2. The Ecosystem Potential of Sandy Coastal Zones of
Martinique as a Plant Community

The ecosystem potential of the high islands of the Lesser Antilles, including Mar-
tinique, is mainly forested. However, topographical diversity, combined with local
variations in bioclimate and recurrent disturbances (landslides, windthrow, In-
version of relief, cyclones), results in a complex mosaic of biotopes. These are
home to diverse assemblages of phytocenoses, or plant communities, which con-
tribute to the ecological heterogeneity of the territory [6].

Figure 2 illustrates the correspondence between bioclimates and sylvatic po-
tential on the high islands of the Lesser Antilles. Four main bioclimates, defined
by a rainfall gradient influenced by the organization of the relief, are associated
with specific forest types. These bioclimates structure distinct plant stages, char-
acterized by particular associations of phytocenoses and unique biocenotic organ-
izations [3] [5] [6].

The recent history of Martinique’s ecosystems has been profoundly marked by
anthropogenic transformation, which has transformed primitive pre-Columbian
forests into a mosaic of diversified formations. This dynamic has resulted in a

juxtaposition of herbaceous, shrubby and pre-forest formations, as well as young
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Figure 2. Bioclimates, ecosystem potential and vegetation evolution in Martinique—Mod-
ified from Joseph, 2015 [5] with additional data from Joseph et a/, 2019 [35].

secondary forests and rare relics of climax forests [35]. These vegetation physiog-
nomies reflect different successional stages and highlight the long-term impact of
human activities [3] [35] [36]. They also contribute to a high level of structural
and biocenotic complexity.

Natural disturbances such as windthrow and cyclones play a key role in main-
taining a diverse mosaic of phytocenoses and in the regeneration processes of for-
est formations [6] [37] [38]. Although destructive, these events promote ecologi-
cal dynamics by creating openings in the forest canopy, enabling recolonization

by pioneer species and the renewal of plant communities.

2.3. Characterising the Organization of Martinique’s Forest
Ecosystems

The dynamic gradient model of forest ecosystems of lesser Antilla, developed by

Professor Joseph [5] [6], is a theorical framework employed to characterise the
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successional stages of the constituent units that comprise the plant mosaic. This
model delineates eleven dynamic stages, each structured around distinct phases of

installation, expansion and senescence (Figure 3).

- Initiation
- Expansion
- Maturité

©)

Stage 1 (F.R.) : Shrubland

Stage 2 (F.R.M.) : Mature shrubland

Stage 3 (F.A.B.) : Bushy formation

Stage 4 (F.A.B.M.) : Mature bushy formation

Stage 5 (F.P.S.) : Pre-sylvatic formation

Stage 6 (F.S.T.S.) : Young structured sylvatic formation
Stage 7 (F.S.S.) : Secondary sylvatic formation

Stage 8 (F.S.S.T.) : Secondary late sylvatic formation
Stage 9 (F.S.P.C.) : Pre-climactic sylvatic formation

Figure 3. The gradient dynamics [6]—Gradient dynamics is a
model that characterises the stages of evolution of the units of a
plant formation. Modified from Joseph, 2015 [5].

Although sometimes perceived as linear and teleological, this model captures
the complexity of the plant formations studied (Figure 4). By incorporating the
notion of “polyclimax hypothesis”, it offers a flexible representation of the diver-
sity of ecosystem trajectories, particularly in contexts marked by frequent and/or

intense disturbance [5] [35].

F.S.T.S.| F.S.S. F.S.S.T.| F.S.P.C.

Extrasylvatic sequential cycles Intrasylvatic sequential cycles

- Increase in structural complexity with a progressively denser and more stratified plant cover.
- Increasing openness of the forest canopy and accentuation of the degree of xericity in dry
bioclimates.

- Increase in the dominance of sciaphilous species in shadier formations.

- Amplifying effect of the plant cover on microclimatic conditions and ecological dynamics.

- The intra-forest microclimate gradually shifts in relation to the surrounding macroclimate- .
- Synchronisation of the intra-forest microclimate with macroclimatic conditions.
- Increase in the number of heliophilous species adapted to bright environments.

Figure 4. Gradient dynamics: descriptive framework of different stages—a: example of the
trajectory of an ecosystem; b: sequence of different stages; ¢ and d: interactions between
ecological and microclimatic dynamics within a forest gradient. Modified from Joseph,
2015 [5].
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Research on coastal plant formations in the Lesser Antilles remains scarce. No-
tably, [3] and [5] proposed a reconstruction of their pre-Columbian organisation
and documented their transformation under anthropogenic pressure. His work,
supported by regional floristic data [39] [40], highlights a spatial gradient from
the coastline to inland areas: herbaceous strata dominate nearshore zones, giving
way to shrubby and eventually arborescent vegetation inland (Figure 5). How-
ever, due to the near-absence of climax-stage examples today, this ecological or-
ganisation must be interpreted cautiously, as the original structure of littoral phy-
tocenoses remains largely hypothetical.

To understand the non-linear dynamics specific to sandy beaches, this frame-
work is complemented by the dynamic state mosaic model. This concept describes
landscapes as assemblages of plant communities in various successional stages,
shaped by local disturbances and environmental variations. These transient suc-
cessional stages play a key role in sediment stabilization and ecological connectiv-

ity, contributing to the resilience of littoral systems [9] [40].

Before 1635 2004

Océan Océan

Plants
community [--] Herbaceaous

Shrubby . Arborescent

Figure 5. Evolution of coastal vegetation between the pre-Columbian period and 2004.
Adapted from Joseph (2006).

In addition, the “tipping points” framework is used to assess the resilience of
sandy beaches to diverse disturbance regimes. These critical thresholds, beyond
which ecosystems rapidly and irreversibly tip towards a new stable state, enable
us to analyse how cumulative events such as coastal erosion or storms modify eco-
logical trajectories [14] [15]. In Martinique, where the diversity of natural and
anthropogenic disturbances is marked [5] [6], this framework offers a valuable
tool for anticipating potential transformations of sandy beaches.

Articulating these three models within a theoretical framework enables us to
examine biotic and abiotic interactions while incorporating spatial, temporal and
systemic dimensions. The main objective is to decipher the ecological trajectories
of Martinique’s beaches and develop sustainable management strategies adapted

to these complex ecosystems.
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An ecotone is a transition zone between two distinct ecosystems or ecological
communities, characterized by an intermediate species composition and complex
interactions. These ecotones can be identified at the interface between the marine
environment and the upper-beach vegetation, as well as at the interface with the
backshore forest. They form a complex network within the formations, considered
as mosaics of dynamic states where different succession strata coexist as a result
of interactions between disturbance and plant formation response. These assem-
blages of plant communities influenced by biotic and abiotic variations can thus
be described at different scales. This framework highlights the diversity and con-
nectivity of coastal habitats.

At the same time, tipping points help us to understand how ecotones reach crit-
ical thresholds under the effect of cumulative disturbances. These thresholds can
lead to rapid, sometimes irreversible transitions, profoundly altering the ecologi-
cal function of ecotones. These two theoretical frameworks combined enable us
to identify the most vulnerable areas and anticipate potential trajectories in the
event of increasing pressures, such as climate change or intensive human activi-

ties.

2.4. Floristic Surveys and Cartographic Data

Floristic inventories

The work presented here is based on the analysis of data acquired at 8 stations.
(see Figure 1). In order to characterise the floristic assemblages of these sandy
beach plant formations, continuous strip transects were established, covering the
plant communities that develop on the sandy substrate (psammophilous vegeta-
tion), on dry land (backdune) and in the transition zone. Measurements were
taken in 5 m x 10 m quadrats, distributed along the entire transect. In the pioneer
fringe dominated by herbaceous species, additional 1 m? quadrats were placed to
estimate vegetation cover. has been designed:

1) An initial characterization of plant communities specific to Martinique’s
sandy beaches;

2) Identification of local disturbances, with a view to proposing a functional
classification and developing tools to assess their impact on ecological resilience.

Quantitative floristic surveys were carried out for each woody species exceeding
a height of 1.33 metres. Data collected included:
o Diameter at breast height (DBH, 1.33 m);
o The height of the first branch;
« Species distribution along the transects.

Plant species were identified using Fournet’s illustrated flora (2002) [39].

Indicators used to analyse floristic data

Several indicators were used to analyse the data collected:

1) Basal area (BA): Total cross-sectional area of all individuals of a species per
unit ground area. This indicator provides an estimate of biomass.

2) Distribution index (I.d); Developed by Joseph [41] , this index is calculated
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as I.D: density (D = Ni/SR) NI: number of individuals (total number of individuals
in the transect considered) fa: absolute frequency (number of quadrats where the
species in question is present); fr: relative frequency (fr = fa/total number of quad-
rats in the station); SR: total survey area.

3) Dominance index (I.D): I.D = 1.d x AB [41].

Cartographic data

To complement the floristic inventories, orthophotography from the IGN da-
tabase [25]-[27] were interpreted to enrich the spatial analysis. An orthophoto-
graph is an aerial photograph that has been geometrically corrected to remove
distortion, providing accurate spatial measurements useful for ecological map-
ping. These high-resolution orthophotography provide an overview of the study
areas at different dates. These data allow us to identify and spatialize disturbance
zones and extract clues about disturbances and their patterns of occurrence. In-
terpretation of these images enables us to refine the identification of the spatio-
temporal dynamics of plant formations, as a complement to floristic surveys. The
organization of plant crowns, identifiable on orthophotography, is interpreted to
characterize the vertical structure of forest communities. The combination of car-
tographic data and floristic inventories provides elements for reconstructing the

spatio-temporal analysis.

3. Results and Interpretation

3.1. “Ilet Chevalier 1” and “Ilet Chevalier 2” Stations

L’ilet Chevalier is an islet of around 70,000 m?, located on the southeast coast of
Martinique, in the commune of Sainte-Anne, 500 m from the coast (Figure 6). A
footpath leads around the island. It’s a popular site for leisure and tourism activi-
ties.

On the Chevalier 1 station transect, quadrat 1 features a herbaceous formation
characteristic of forebeach psammophilous formations, dominated by Ipomea
pes-capreae, Sporobolus virginicus and Canavalia rosea. Quadrats 2 and 3 are oc-
cupied by an undiversified fruiting body dominated by Clerodendrum aculeatum
(syn. Volkameria aculeata). The following quadrats correspond to a pre-shrub for-
mation. The limited presence of large-diameter individuals (Pisonia fragrans,
Hippomane mancinella, Bursera simarouba) indicates that a more advanced evo-
lutionary stage probably existed previously, possibly a mature shrub formation.
This suggests that the back-beach formation underwent recurrent disturbances
that caused local regression.

The trail crosses the transect at the transition zone between the shrub and tree
formations. Marked heterogeneity is observed at the transition between the shrub
fringe and the backshore forest. This zone includes an ecotone subject to regular
disturbance. This zone is thus marked by a strong edge effect, particularly near
the path. This favors the appearance of herbaceous species such as Heliotropium
angiospermum, Lantana sp. and Rivinia humilis.

On the Chevalier 2 transect, the forebeach zone occupies quadrats 1 to 3, and is
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wider than on the Chevalier 1 station, but the herbaceous vegetation has not col-
onized the entire supra-littoral zone. On this transect, the shrub zone extends
from quadrats 4 to 7, with a greater gradient and a protosol on scree (Z.e., an early-
stage soil developing on unstable rocky debris). On this part of the transect, the
fruit-bearing zone is mainly made up of heliophilous shrub species (Croton bix-
oides, Croton flavens, Erytroxylon havanence) associated with Pilocereus royeni.
The transect is crossed at quadrat 6 by the path. In this zone, trampling is associ-

ated with heavy erosion, exposing outcrops of scree.

a) Distribution of height classes and sum of basal areas
Station flet chevalier 1

b) Distribution of height classes and sum of basal areas
Station flet chevalier 2
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c) Graphical representation of the dominant floristic assemblage at station "llet Chevalier 1"
The area of the circles is proportional to the basal area of the species (value in m2 indicated )
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d) Graphical representation of the dominant floristic assemblage at station "flet Chevalier 2"
The area of the circles is proportional to the basal area of the species (value in m2 indicated )
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e) Time series of orthophotos of llet Chevalier (Martinique) for 1951, 2004 and 2021

L2

Figure 6. Main descriptive data for stations “ilets chevalier 1” and “Ilets chevalier 2”.

«n

This zone is home to numerous individuals of P. royenii, a highly specialized
heliophilous species. These numerous disturbances explain the dominance of .
royenii on this transect. The following quadrats belong to the backshore forest.
The physiognomy and species distribution in this zone are reminiscent of a shrub
formation (Acacia sp., Croton bixoides, Croton flavens). The following quadrats

show a mixture of these indicator species and a few individuals of larger diameter
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and height. The latter are probably relicts of young pre-silvicultural formations
(Bursera simarouba, Pisonia fragrans, Hippomane mancinella). From a physiog-
nomic point of view, the organization of these two stations conforms to the model
sandy beach formations proposed by Joseph, 2006 [3]. However, the organization
of the shrub and tree zones shows the presence of a mosaic of different evolution-
ary stages linked to disturbances of different ages and intensities. Orthophotog-
raphy of the area shows a tree crown evolution compatible with a strong disturb-
ance regime associated, on the one hand, with leisure activities on the beach and,
on the other, with grazing in the back beach zone. The abandonment of grazing
activities has allowed these areas to heal more or less completely.

Define abbreviations and acronyms the first time they are used in the text, even
after they have been defined in the abstract. Abbreviations such as IEEE, SI, MKS,
CGS, sc, dc, and rms do not have to be defined. Do not use abbreviations in the

title or heads unless they are unavoidable.

3.2. Grande Terre 1 Station

The station studied is characterized by a highly degraded secondary formation,
fragmented into scattered patches of vegetation in the psammophilous zone. This
configuration is the result of complex plant dynamics, largely influenced by re-
current anthropogenic disturbances (Figure 7). The herbaceous stratum is totally
absent, testifying to significant pressure on the environment. An analysis of the
flora reveals three groups:

- The first group is made up of species typical of woodland on sand, such as
Coccoloba uvifera and Conocarpus erecta, which preferentially occupy stabi-
lized areas of sandy substrate.

- Asecond group, made up of mature individuals (Bourreria succulenta, Tabebuia
heterophylla, Bursera simarouba), indicates that the backshore formation cor-
responds to an advanced shrub stage.

- A third group, marked by the presence of Sideroxylon obovatum, suggests the
past existence of a more evolved formation, probably a secondary forest. These
relict individuals are the remnants of a more complex forest structure and bear
witness to a progressive degradation dynamic.

This floristic composition illustrates a process of ecological transition, where
the current vegetation structure bears witness to both the persistence of remnants
of a more mature sylvatic stage and the persistent influence of environmental and

anthropogenic pressures that hinder homogeneous vegetation regeneration.

3.3. Station “Grand Macabou 1”

The area-species curve suggests that this station crosses three distinct floristic
complexes (Figure 8). The first group corresponds to the psammophilous proces-
sion dominated by Ipomoea pes-caprae, Sporobolus virginicus and Canavalia
rosea. This zone is typical of pioneering plant formations on sand, subject to de-

manding ecological conditions (salinity, insolation, substrate mobility).
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a) Distribution of height classes and sum of basal areas
Station Grande Terre 1

b) Sideroxylon obovatum isolated within an
anthropized formation
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Figure 7. Main descriptive data for stations “Grande Terre 1”.

The second group is characterized by a dense formation dominated by Coc-
coloba uvifera, whose individuals do not exceed 2 m in height, combined with
Cocos nuciferareaching up to 10 m in height. The woody species in this area have
a feathered habit, and environmental conditions seem to limit the growth of po-
tentially arborescent species. This area bears the marks of recent anthropogenic
disturbance, notably the removal and on-site consumption of coconuts, as well as
the development of trails and bivouac sites. Coconut residues left on the ground
are gradually being colonized by lianas of the Canavalia genus and by regenera-
tions of Coccoloba uvifera.

A plateau of diversification is observed from quadrat 6 onwards on the area-

species curve. This indicates a transition to a third floristic group. It is linked to
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the presence of the main trail, regularly used by hikers and horse-riding groups.
The disturbance creates a gap where a few individuals of Terminalia cattapa can
settle.

Analysis of the plant stratification reveals a predominance of individuals of low
height (1 - 8 m). The plant community in this zone is dominated by shrub species
and regenerating tree species.

The intermediate height (8 - 15 m) and tall height (15 - 25 m) classes are under-
represented, suggesting a deficit in mature individuals. However, the fluctuating
basal area in some quadrats (7, 9 and 11) suggests the persistence of a few older
individuals, which could be interpreted as relics of a more developed forest for-
mation, now fragmented. These larger, larger-diameter trees often bear traces of
senescence or are lying down.

Dead trees rank third in the floristic assemblage. This may be due to an active
disturbance regime (drought stress or salinity variation), natural senescence or the
consequences of anthropogenic pressures.

Signs of senescence are mainly observed on Coccoloba uvifera, the dominant
species in the formation. The most mature individuals show traces of selective
cutting associated with the maintenance of the pathway and reception areas by the
site managers. At the same time, numerous windthrow and natural treefall debris
are visible (volis), particularly on trunks colonized by termites. Here, volis refers
to trees that have fallen naturally due to environmental factors (e.g., wind, light-
ning, or the fall of another tree) or intrinsic causes (such as decay or senescence),
without any human intervention. This indicates the gradual weakening of the
trees as a result of natural ageing and degradation processes.

A large proportion of mature Coccoloba uvifera and Hippomane mancelina
trees have been windthrown. On these fallen trunks, numerous shoots can be
found, helping to regenerate the formation.

The earliest orthophotography (1952) shows that the site was already subject to
a variety of anthropogenic disturbance regimes. At that time, the interface be-
tween the cultivated fields and the backshore forest was marked by a particularly
abrupt transition, probably due to the presence of grazing land. There are also
open areas and a network of well-marked paths, reflecting regular human occu-
pation.

The 1972 image reveals an accentuation of these disturbances: the vegetation
appears sparse, the coastal fringe is fragmented, and wide paths (4-5 m) are visible.
This configuration suggests intensive exploitation of the site, marked by the al-
most total disappearance of the shrub and herb fringe, probably as a result of the
area’s development for leisure and beach tourism.

In contrast, recent orthophotography shows a process of vegetation recoloniza-
tion. A densification and homogenization of vegetation cover is observed, accom-
panied by a reduction in trail width. This suggests either a reduction in anthropic
pressure, or the effect of targeted management measures aimed at limiting the

impact of human activities on vegetation dynamics.
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These orthophotos illustrate the trajectory of
anthropogenic disturbance :

-1951: Abrupt clearing at the field—forest interface,
indicative of grazing and pre-existing tracks.

-1980: Sparse vegetation, fragmented coastal
fringe, and widened paths (4-5m) reflecting
intensified beach-tourism exploitation and quarry.

- 2024: Partial vegetation recolonization lacking
vertical stratification; persistent trails and absence of
complete natural regeneration indicate a metastable
state maintained by ongoing recreational pressure.

Figure 8. Main descriptive data for GRAND MACABOU 1 station.

However, there are several indications that this recolonization has not been ac-
companied by a return to a fully functional ecological state. The absence of vege-
tation stratification and the limited number of regenerations could be explained
by the establishment of a metastable state, resulting from the combination of:

« aprolonged disturbance regime that has permanently altered the dynamics of
plant succession;

o the maintenance of recurring human activities, less aggressive than in the past,
but still present (hiking and horse-riding, regular bivouacs on the beach).

Following a break in the ecological corridors, the station has undergone an intense

regime of human disturbance, permanently modifying the vegetation dynamics.

3.4. Pointe Borgnesse 1 Station

Analysis of the plant assemblages shows that the majority of species have low

dominance and distribution indices (Figure 9). This indicates intense competi-
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tion, without any clear predominance, between the different species that seem to
be settling in at. On the other hand, some species, although widely distributed,
display moderate dominance.

These are species characteristic of mature shrub formations in dry bioclimates
(Tabebuia heterophylla and Erithalis fructicosa) and an antrophilous species,
Coco nucifera. Dichrostachys cinerea stands out with the highest dominance and
distribution indices of the group. This invasive species can aggressively colonize
severely degraded areas, particularly abandoned agricultural plots and fallow land
in a dry bioclimate [42]. This assemblage therefore suggests that the backshore
area has been subjected to a regime of intense disturbance associated mainly with

agricultural activities.
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c) Representation of the dominant floristic assemblage - Pointe Borgnesse 1The circle
size is proportional to the basal area of the species (value in m2 indicated).
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Figure 9. Descriptive data for Pointe Borgnesse 1 station.

This interpretation is supported by the analysis of orthophotography, which

reveal four phases:
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o 1952: A highly disturbed state with vegetation cover reduced to a herbaceous
formation and a few isolated trees. This organization may be associated with
agricultural activities, mainly the establishment of pastures, which limit natu-
ral regeneration.

o 1987: The images show the beginnings of a recolonization process. The gradual
increase in vegetation cover, despite the persistence of open areas, may be due
to agricultural abandonment.

o 2009: densification of the forest cover, marked by the appearance of a homo-
geneous structure thanks to the development of woody species.

o 2022: An almost stable state with almost complete closure of the forest canopy.
The reduction in trails and openings reflects either a reduction in human dis-
turbance or the effectiveness of conservation measures implemented.

In addition, the Pointe Borgnesse area is characterized by a retreat of the coast-

line, associated with significant erosion estimated at around —0.5 mm/year [4].

This coastal dynamic is leading to changes in local morphology (see Figure 9,
photo e) and influencing vegetation succession, as evidenced by the complete dis-

appearance of herbaceous vegetation in the foreshore zone. The presence of a

pathway, combined with beach erosion and episodes of submersion resulting in

the addition of waste and an increase in soil salinity, constitutes a major disturb-
ance likely to permanently modify the composition of the vegetation.

A new equilibrium between terrigenous and marine sediment flows is thus
likely to be established in this area. A predominance of terrigenous inputs would
favour the long-term establishment of species that were previously present on an

erratic basis, such as Rhizophora mangle (see Figure 9, photos f and g).

3.5. Typology of Disturbances and Ecotone in the Five Stations of
the Study

The analysis of ecological transitions identifies three types of ecotones, reflecting

the variability of disturbance regimes and resilience processes (see Figure 10):

- Steep ecotones with sharp transitions between formations, often linked to in-
frastructure or rapid erosion, marked by an abrupt break in cover (notably a
loss of foreshore herbaceous vegetation).

- Progressive ecotones where gradual transitions correspond to natural succes-
sions, such as the transition from pioneer to backshore formations, or areas
undergoing healing after the abandonment of disruptive activities.

- Mosaic ecotones where fragmented discontinuities due to irregular disturb-
ances or the accumulation of environmental stresses, observable in areas

marked by multiple trails, bivouacs or windfalls, fragment the formations.

4. Discussion

4.1. Diversity of Ecological Trajectories and a Mosaic of Dynamic
States

A thorough analysis of the plant communities present at these various locations
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has been undertaken, thereby confirming the coexistence of communities at dif-
ferent stages of evolution within relatively compact geographical areas. This ob-

served organisation is consistent with the dynamic state mosaic model.

fringe — moderate to
high intensity

Site Grazing, Extensive and Agricultural Developed Informal Uses Abiotic Disturbances Coastal Ecotone
Semi-Extensive Practices Infrastructure (Trails, (Unregulated recreational Dynamics
Livestock Farming roads, recreational and extractive activities)
areas)
Grande Continuous grazing, high | Intensive melon | Presence of a road Waste accumulation due to | Submersion episodes Moderate coastal | Abrupt ecotones due
Terre 1 intensity (1951 —1992) | cultivation with a ground impact | beachgoers, including leaving waste deposits | retreat to infrastructure (roads,
of 6 m width unauthorized camping — (~ 0.2 m/year) | trails) and boundaries
high intensity with cultivated parcels
Grand Previous intensive Not reported Selective branch Resource extraction, trail Constraining Equilibre Mosaic ecotone in the
Macabou 1 exploitation, high impact | (no available pruning to maintain development, and environmental foredune zone;
at its peak data) trail accessibility — bivouacs — moderate to conditions (salinity, fragmentation
moderate to high high intensity, recurrent insolation, substrate associated with
intensity disturbances mobility) and numerous trails and
occasional stress bivouac sites
episodes
Pointe Intense past agricultural | Not reported Regular trail use by Bivouac and occasional Traces of recurrent Coastal retreat Progressive ecotone
Borgnesse 1 | exploitation (no available coastal visitors — beach occupation — picnic | submersion events with | and severe behind the backshore
data) moderate intensity waste — moderate to high | waste deposits and erosion formation; abrupt
intensity probable salinity (~ 0.5 mm/year) | ecotone at the
increase foreshore due to
erosion and trail impact
Chevalier 1 Initial pastoral Partial Not reported (no Trampling and selective No visible human No observation Abrupt ecotone due to
activities — moderate to | progressive available data) pruning of woody and activity in the available a frequently used trail
high intensity regeneration herbaceous fringes on the | backshore formation — on the upper beach;
due to foreshore due to trail low intensity progressive ecotone
agricultural presence — moderate with gradual transition
abandonment intensity between shrub fringe
and backshore
formation
Chevalier 2 Initial pastoral Partial Not reported (no Upper beach (herbaceous | Evidence of marine No visible human | Mosaic ecotone linked
activities — moderate to | progressive available data) fringe) — absence of resource collection and | activity in the to windthrows and
high intensity regeneration trampling and uprooting consumption backshore walking paths.
due to traces — low intensity (sea urchins, formation Linear ecotone in the
agricultural queen conchs) in the front beach area
abandonment shrub

Figure 10. Typology of disturbances and ecotone in the five stations of the study.

The observed heterogeneity is attributable to anthropogenic disturbances and
environmental variations, which modulate the dynamics of the vegetation cover
at various scales of time and space.

The evolution of the Grand Macabou landscape is characterised by periods of
intense exploitation of the site (agropastoral exploitation, quarrying, construction
of paths and roads with significant land take) and periods of recovery of natural
vegetation dynamics as human activities decrease. The fragmentation of the veg-
etation cover, combined with signs of recurrent disturbances (bivouacs, paths,
harvesting of plants), suggests an unstable balance between natural regeneration
and anthropic pressures. This situation illustrates a mosaic of evolutionary trajec-
tories. Some areas continue to develop into mature formations, while others re-
main stuck in the early stages.

At Pointe Borgnesse, despite active coastal erosion, the forest cover is gradually
recovering. The history of the site shows that after a period of destabilisation
linked to agricultural exploitation, a scar-like plant formation has recolonised the
area.

The presence of erratic individuals and the establishment of invasive species
indicate that, even after disturbance ceased, the future of this formation has been

permanently altered. It is conceivable that if the dominance of Dichrostachys ci-
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nerea is maintained, the formation will be permanently blocked in a paraclimax,
illustrating a mosaic of dynamic states where certain areas stagnate under the ef-
fect of disturbance.

The observed heterogeneity is attributable to anthropogenic disturbances and
environmental variations, which modulate the dynamics of the vegetation cover
at various scales of time and space.

These observations reveal a mosaic of dynamic states that explain the structural
diversity of plant formations as a function of spatio-temporal variations in dis-
turbance and environmental conditions. These results illustrate the need to re-
think beach management by integrating the variability of ecological trajectories

and resilience processes.

4.2. Tipping Points: Ecological Ruptures and Irreversible
Transitions

These observations reveal a mosaic of dynamic states that explain the structural
diversity of plant formations as a function of spatio-temporal variations in dis-
turbance and environmental conditions. These results illustrate the need to re-
think beach management by integrating the variability of ecological trajectories
and resilience processes [13] [43].

Field observations, particularly at the Grande Terre 1, Pointe Borgnesse 1 and
Chevalier 1 and 2 sites, reveal contrasting ecological trajectories within the coastal
plant formations of Martinique. On these sites, a mosaic of plant units can be ob-
served, resulting from anthropic (urbanisation, agriculture, leisure activities, tram-
pling) and environmental (marine submersion, water stress, retreat of the coast-
line) pressures. In Grande Terre 1, the formation is characterised by a very high
level of insularisation and an almost total disappearance of the herbaceous stra-
tum, as well as seedlings and regeneration.

The rare studies on the regenerative capacity of coastal forests show that the
low density of young trees does not always indicate a dysfunction of forest dy-
namics, but that human activities and the presence of animals can influence forest
regeneration. Soil degradation and hydrological changes can reduce the density of
young trees [44].

An in-depth analysis is needed to identify the causes and consequences of these
low densities. Continued regeneration, even at low density, may be enough to en-
sure the sustainability of the forest. Long-term monitoring of regeneration indi-
cators and the maintenance of connectivity with areas containing potential seed
sources should therefore be considered.

The Pointe Borgnesse 1 station presents several converging signals of an eco-
logical shift that is in progress or has already been completed. The diachronic
analysis reveals an apparent trajectory of closure of the forest cover between 1952
and 2022, following the abandonment of agriculture. However, these dynamic
masks a functional alteration: the almost total absence of herbaceous stage, a sig-

nificant retreat of the coastline with a drastic decrease in the size of the supralit-
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toral psammophilic domain and, above all, the growing dominance of pioneer and
invasive species (notably Dichrostachys cinerea), as well as a weak floristic struc-
turing, all of which reflect an unstable state. These elements suggest a metastable
regime, potentially indicative of a crossed or imminent tipping point.

The ecological trajectories observed at Grande Terre 1 and Pointe Borgnesse 1
present several characteristic signs of regime shifts as described by [17]: disap-
pearance of functional strata such as herbaceous vegetation, increasing domi-
nance of opportunistic or invasive species, and simplification of plant structure.
These alterations reflect a loss of resilience and suggest a shift to an alternative
ecological state that is difficult to reverse. This type of transition is reminiscent of
other well-documented cases, such as the transition from clear oligotrophic lakes
to turbid eutrophic lakes, or the conversion of coral reefs to macroalgae-domi-
nated systems as a result of chronic disturbances.

These findings resonate with the study by Smith ez al. (2024) [45] on kelp forests
in California, which highlights transitions to stable alternative states, induced by
multiple stresses, without a collapse of species diversity but accompanied by a ma-
jor functional reconfiguration. Together, these studies emphasise the importance
of integrating systemic indicators - such as fragmentation, disturbance regimes
and resilience - to better understand and anticipate the complex ecological trajec-
tories of coastal plant formations.

The work of Dai et al. (2012) [46] provides a framework that can be used to
identify early signs of loss of resilience: increased variance, autocorrelation, time
to return to equilibrium or asymmetry of responses [47]. These indicators can be
extracted from time series derived from remote sensing, NDVI/EVI indices and
georeferenced floristic surveys [47].

A determining factor here is hysteresis, which expresses the asymmetry between
the conditions necessary for a shift and those required to return to the initial state.
Improving environmental conditions is therefore not always enough to restore a
system that has crossed a critical threshold. As shown in [19] and [20] Scheffer et
al. (2001, 2009), this dynamic makes restoration efforts more uncertain and rein-
forces the interest of early detection of weak signals of loss of resilience.

In this context, the integration of remote sensing tools, as proposed by McKenna
et al. (2022) [48], makes it possible to monitor up to 11 of the 18 sub-attributes of
the Ecological Recovery Wheel (ERW) [49], including vegetation cover, connec-
tivity and community structure. These methods, combined with field data, form
an operational basis for the rigorous monitoring of ecological trajectories and the

development of decision-making tools (see Figure 11).

5. Conclusions

Understanding the ecological dynamics of coastal plant formations requires an
integrated approach capable of grasping the complexity of interactions between
abiotic, biotic and anthropic factors. The framework proposed in this study artic-

ulates three complementary approaches:
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This figure illustrates a visual assessment tool known as the Ecological Recovery Wheel, developed
by the Society for Ecological Restoration (Gann et al., 2019).

It is a circular radar diagram designed to provide an integrated evaluation of a restored site's progress
toward its reference ecosystem. The model is structured around six key categories of ecological
attributes:

- Physical conditions (e.g., soil quality, hydrology)

- Species composition (e.g., presence of native or exotic species)

- Community structure (e.g., stratification, spatial diversity)

- Ecosystem function (e.g., productivity, nutrient cycling)

- External exchanges (e.g., connectivity, seed dispersal, pollination)

- Absence of threats (e.g., anthropogenic disturbance, invasive species)

Each category is broken down into three sub-attributes, scored on a scale from 0 to 5, where 0
indicates no recovery and 5 represents full alignment with the reference ecosystem.

A color coding indicates the level of data collection for each attribute: Dark green: measured with field
data, Light green: estimated, Yellow: in process, White: not measured

Figure 11. The ecological Recovery Wheel, a tool for functional and structural assessment

of coastal ecosystem.

« diachronic analysis of plant formations;
o geomatic and historical reconstruction;
 and the emic approach mobilising local knowledge.

This triangulation makes it possible to reconstruct past trajectories, anticipate
future developments and detect early signals of critical transitions.

The results highlight the existence of mosaics of dynamic states, revealing con-
trasting trajectories depending on the site. While some (Chevalier 2, Grand Maca-
bou 1) show signs of spontaneous recolonisation, others (Grande Terre 1, Pointe
Borgnesse 1) display characteristics of degraded metastable states.

These trajectories suggest that sandy plant communities do not follow a linear
succession, but evolve under the effect of complex feedbacks between disturbances
and resilience. Observations of the disappearance of functional strata, the domi-

nance of opportunistic species and structural simplification are reminiscent of re-

DOI: 10.4236/nr.2025.1613021

449 Natural Resources


https://doi.org/10.4236/nr.2025.1613021

S. Ely-Marius et al.

gime shifts similar to those described in other coastal ecosystems.

The protocol developed here constitutes a reproducible tool for ecological mon-

itoring, by cross-referencing:

o the time series derived from multispectral imaging;

o the georeferenced floristic inventories;

o the resilience indicators (variance, autocorrelation, time to return to equilib-
rium).

This approach makes it possible to anticipate tipping points and to assess the
stability of coastal socio-ecosystems, based on a detailed understanding of their
functional and spatial dynamics. The findings support the implementation of
adaptive and site-specific management strategies. Key recommendations include:
- Prioritising lightly disturbed areas for minimal intervention;

- Structurally restoring metastable sites to reactivate ecological functions;

- Preserving connectivity with regeneration sources (e.g. seed banks, refuges);
- Incorporating local knowledge and historical land uses;

- Using resilience indicators to guide ecosystem-based restoration.

This approach aligns with the standards of the Society for Ecological Restora-
tion (SER) and recent advances in ecological monitoring via remote sensing. It
offers a robust scientific framework for developing predictive decision-making
tools, tailored to the specific dynamics of Lesser Antillean sandy beaches under

mounting global change pressures.
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