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Abstract

Coastal dune ecosystems of the Moroccan Atlantic coast are among the most threatened
environments of the western Mediterranean basin, yet the ecological preferences of their
constituent psammophilous flora remain poorly documented. Using the ecological profile
method, corrected frequencies, species and descriptor entropy, mutual information and
ecological barycentres were calculated for three environmental descriptors, distance to the
tidal fluctuation zone, topographic position and soil organic matter content, applied to
a presence—absence matrix of 53 vascular taxa across 123 plots distributed among three
dune facies. Of the total taxa inventoried, 41 were retained as ecologically active. Topog-
raphy and soil organic matter emerged as the most efficient descriptors, both exceeding
the 5% activity threshold. Cross-referencing of ecological groups identified three phy-
toecological assemblages: characteristic psammophytes of embryonic dunes, species of
the primary foredune and species of the enriched backdune. The dominance of interme-
diate ecological amplitudes and the convergence of introduced species towards organic
matter-rich backdune conditions signal chronic anthropogenic disturbance. This study
provides a quantitative characterisation of psammophilous species ecological preferences
and phytoecological assemblages along the coast-inland gradient of the Haouzia Bay SBEI,
constituting an operational reference framework for targeted conservation and restoration
management of this threatened coastal site.

Keywords: psammophilous vegetation; ecological amplitude; coastal dunes; embryonic
dunes; primary foredune; backdune; biological invasions; Morocco

1. Introduction

Coastal dune ecosystems rank among the most dynamic and vulnerable environments
of coastal zones. Subjected to particularly severe abiotic constraints, including sandy sub-
strate mobility, salt spray salinity, wind desiccation and pronounced hydric variations,
these environments impose strict ecological requirements and remarkable adaptation strate-
gies on the plant species that colonise them [1,2]. Along the Moroccan Atlantic coast,
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psammophilous formations exhibit an original floristic composition, inherited from a long
biogeographical history combining Mediterranean, Atlantic and North African endemic
elements, whose spatial distribution remains intimately linked to the environmental gradi-
ents structuring these environments [3,4]. Despite their recognised ecological importance
and their role in stabilising dune ridges and preserving coastal biodiversity, quantitative
species—environment profiling using ecological indices remains largely absent from the
Moroccan Atlantic coastline, even though regional floristic and phytosociological studies
have documented the composition of Atlantic psammophilous formations [3,4].

Understanding the structuring of dune vegetation cannot be limited to floristic inven-
tory alone. It requires a thorough ecological interpretation of the relationships between
species and their environment, making it possible to identify the determining environmen-
tal factors and to characterise the behaviour of each species with respect to these factors.
The ecological profile approach, developed by Godron [5] and formalised by Daget and
Godron [6], addresses this objective. Based on the quantification of corrected frequen-
cies of species occurrence within the different classes of an environmental descriptor, this
method allows assessment of the degree of affinity of each species for environmental con-
ditions, determination of its ecological optima and amplitudes, and grouping of species
into coherent phytoecological groups and assemblages. It has been successfully applied to
various plant formations subjected to marked gradients, including Mediterranean garrigue,
wetland communities [7] and coastal dune systems [8,9]. In the Moroccan Atlantic con-
text, phytosociological and floristic surveys have documented the composition of coastal
dune vegetation [4,9], providing a taxonomic baseline upon which the present quantitative
ecological profiling builds.

Haouzia Bay, classified as a Special Biological and Ecological Interest Site (SBEI) in
the Province of El Jadida, provides a particularly relevant study area for this approach.
This site preserves a functional dune ridge over 14 km of coastline, organised into three
successive zones, namely the embryonic dune, the primary foredune and the semi-fixed
backdune, which delineate a well-defined coast-inland ecological gradient. Its psam-
mophilous flora comprises different vascular taxa including endemic taxa and several
threatened or protected species, whose taxonomic composition reflects a long biogeograph-
ical history combining Mediterranean, Atlantic and North African elements. While the
floristic composition of this site has been recently inventoried, the ecological preferences of
its constituent species, as expressed through quantitative indices of corrected frequency,
mutual information and ecological amplitude, have not yet been assessed at this site. This
gap is all the more concerning given that the site is subject to increasing anthropogenic
pressures, which threaten the integrity of dune ecosystems and the persistence of the most
specialised species [10,11].

It is within this context that the present study is situated, which extends the inventory
work conducted on the same site concerning the taxonomic composition and diversity of
the site’s psammophilous flora, by addressing the ecological behaviour of the components
of psammophilous flora in relation to the natural descriptors of the environment. Multiple
abiotic factors influence dune vegetation structuring, including salinity, grain size, soil
moisture, pH and disturbance intensity. Among these, three descriptors were selected
for their dual relevance as primary structuring factors consistently identified in Atlantic
and Mediterranean dune systems [1,2,8] and their feasibility of measurement across all
123 plots: distance to the tidal fluctuation zone (DTFZ), topographic position (Topo) and
soil organic matter content (OM-soil).

The present study tests the following hypotheses: (i) topographic position and soil
organic matter content are more efficient descriptors of psammophilous species distribution
than distance to the tidal fluctuation zone, as substrate stabilisation and dune morphody-
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namics integrate a broader set of abiotic constraints along the coast-inland gradient than
marine proximity alone; (ii) introduced species exhibit two contrasting ecological strategies,
either broad euryoecious amplitudes enabling colonisation of the entire dune gradient or
narrow stenoecious profiles converging towards disturbed, organic matter-rich backdune
conditions, both of which confer competitive advantages over native psammophilous
species; (iii) most heritage species present narrow ecological amplitudes and precise habi-
tat optima translatable into conservation targets, although ecological plasticity may also
contribute to the persistence of certain endemic taxa under anthropogenic disturbance.
To test these hypotheses, the ecological profile method was applied to quantify corrected
frequencies, species and descriptor entropy, mutual information and ecological barycentres
for three environmental descriptors across three dune facies. The results are intended to
constitute an operational phytoecological reference framework for the conservation and
sustainable management of this threatened coastal site.

2. Materials and Methods
2.1. Study Area

The Haouzia Bay SBEI is an Atlantic coastal site within a temperate semi-arid biocli-
mate [12], located between 8°20'-8°28" W and 33°15'-33°20’ N (Figure 1), in the Province
of El Jadida (Casablanca-Settat region, Morocco). The dune ridge extends over 14 km of
coastline, with a width of 150 to 1500 m and a sandy relief reaching up to 40 m, constituting
one of the rare relict psammophilous ecosystems of the Moroccan Atlantic coast. Classified
as an SBEI for its representative Atlantic dune formations [13], the study area corresponds
to a 150 m terrestrial strip organised perpendicular to the coast, from embryonic dunes
near the strandline to semi-fixed backdune flats, whose parallel banding structure directly

conditions the zonation of psammophilous vegetation.

Figure 1. Location of the study area (Haouzia Bay SBEI, Province of El Jadida, Morocco). The satellite
image illustrates the spatial organisation of psammophilous vegetation along the coast-inland gra-
dient, structured into three successive facies (embryonic dunes, primary foredune and semi-fixed
backdune), as well as the extent of anthropogenic pressure.
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The site is subject to increasing anthropogenic pressures that threaten dune habi-
tat integrity: large hotel infrastructures with golf courses, summer attendance reaching
20,000 visitors per day, motorised vehicle traffic and continuous sheep grazing generate
intense trampling and progressive fragmentation of native vegetation. These disturbances
have favoured the establishment of introduced species, notably Mesembryanthemum edule,
whose proliferation threatens dune ridge dynamics. To these anthropogenic factors are
added natural processes of water and wind erosion, whose intensity is expected to increase
in the current context of climate change affecting the Moroccan Atlantic coastline [14,15].

2.2. Sampling and Phytoecological Surveys

The spatial structure of the site’s psammophilous vegetation, organised in bands
parallel to the shoreline along a gradient of distance from the sea, requires an approach
using transects perpendicular to the coastline [16]. Based on vegetation physiognomy,
floristic homogeneity and substrate characteristics, three successive zones were delineated
from northwest to southeast: embryonic dunes near the strandline (facies F1), the primary
foredune ridge (facies F2) and the semi-fixed backdune flat (facies F3). This three-facies
delineation is consistent with the classical zonation of Atlantic Mediterranean dune systems
described in the literature [8]. Sampling was conducted in April 2022, along 41 radial
transects oriented NW-SE covering the entire coastal strip, for a total of 123 plots of
16 m? each, with 41 plots per facies. The period selected for sampling corresponds to
the peak of spring vegetation development in the study area. This single-season survey
captures the majority of perennial and spring-flowering species but may underrepresent
summer and autumn active therophytes, whose ecological profiles could differ from those
presented here. The plot size (16 m?) was selected following the standard specifications
for vegetation surveys in Atlantic and Mediterranean dune systems, where this size has
been shown to adequately capture species composition of open, low-growing coastal dune
vegetation while minimising microhabitat heterogeneity effects [8,9,17,18]. Within each
transect, the three plots were systematically assigned to distinct dune facies (F1, F2 and
F3), ensuring that within-transect variation reflects the environmental gradient rather than
spatial proximity. Although spatial autocorrelation between plots was not formally tested,
the class-aggregated nature of the ecological profile method limits the influence of spatial
dependence on profile estimates. The identification and nomenclature adopted for vascular
plant taxa follows the updated checklist of the vascular flora of Morocco [19,20]. Families
were assigned according to the APG IV classification [21]. Life forms were determined
according to the Raunkieer system [22]. For each plot, a comprehensive phytoecological
survey was established following the Braun-Blanquet method [17], supplemented by the
notation of environmental parameters: topographic position, substrate nature, distance to
the tidal fluctuation zone, degree of visible disturbance and overall vegetation cover. The
various calculations of ecological indices were performed on the binary matrix of species
presence (value 1) and absence (value 0).

2.3. Environmental Descriptors

Three environmental descriptors were selected for their relevance in Atlantic dune sys-
tems and their feasibility of measurement across all 123 plots under field conditions, each
subdivided into three classes reflecting the conditions observed in the study area and cap-
tured the three main gradients of the coast-inland transect, namely the following: (i) The
distance to the tidal fluctuation zone (DTFZ) reflects the gradient of exposure to marine
inputs. Three classes were defined according to distances measured in the field: class 1
(10 to 22 m, proximal zone), class 2 (23 to 44 m, intermediate zone) and class 3 (45 to 140 m,
distal zone). (ii) Topographic position (Topo) reflects dune morphology and conditions
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of sand accumulation and wind exposure along the coast-inland gradient. Three classes
were defined to correspond directly to the three successive dune facies delineated in the
field: class 1 corresponds to the relatively flat embryonic dune (facies F1), characterised by
mobile sandy substrates and maximum marine exposure; class 2 corresponds to the primary
foredune (facies F2), representing the morphodynamically most active zone of the dune
ridge; and class 3 corresponds to the semi-fixed backdune flat (facies F3), characterised
by reduced sand mobility and increasing substrate stabilization. (iii) Soil organic matter
content (OM-soil) is indicative of the degree of dune substrate stabilization estimated by the
loss-on-ignition method applied to dry soil samples collected at 10 cm depth. Samples were
oven-dried at 105 °C for 24 h and then ignited at 550 °C for 4 h; organic matter content was
calculated as the mass loss expressed as a percentage of dry soil weight. Three classes were
defined according to the measured contents in the sandy soils of the site: class 1 (OM < 1%,
equivalent to 10 mg/kg), class 2 (OM between 1 and 1.2%, equivalent to 10-12 mg/kg)
and class 3 (OM >1.2%, equivalent to >12 mg/kg). Sandy coastal soils at Haouzia Bay
are characterised by low carbonate content, typical of Atlantic siliceous psammophilous
substrates [9]. Although carbonate interference in loss-on-ignition measurements was not
formally corrected, the three OM classes are based on relative differences between facies
rather than absolute values, limiting the impact of any potential systematic overestimation
on class assignments.

2.4. Analysis of Ecological Preferences
2.4.1. Corrected Frequency Profiles, Entropies and Mutual Information

The analysis of the ecological behaviour of species is based on the ecological profile
method [5,6], which quantifies the distribution of each species within the classes of an
environmental descriptor using presence—absence data. Four indices were determined
using the formulas summarized in Table 1.

Table 1. Ecological profile indices used to characterise species ecological preferences and amplitudes
along environmental gradients.

Equation with Formula Symbols and Meanings
@ CF = (U/Ry) x (NT/U)
- Uy: number of plots in class k where the species is present
= NT0S 7 T NT!0S2 7 - k: number of plots in class k where the species is absent
@) H(E) = 3log, NI + V-log, NI \% ber of plots in class k where the species is ab
Ry NT - Rk: total number of plots in class k

@) H(L) = ; mlog 2Re - NT: total number of plots in the sampling design

kU, U, NT kv Vi NT - U: total number of plots where the species is present
4) I(LLE)y=Y mlog2 (R— ?> +) mlog2 <R— 7) - V: total number of plots where the species is absent

1 k 1 k k: rank of the descriptor class (1, 2, 3)

=21 kxCF _ k - k: corrected frequency of the species in class k of the descriptor
G G=Y}  kxCF/Y}_ CF CF d frequency of the species in class k of the descrip
) - pk: normalised proportion of the corrected frequency of the species in class k

(6) B=1/Y3}_; (px)° Avec py = CF/ Y}_, CF

Corrected Frequency (CF)

For each species E in each class k of a descriptor L, the corrected frequency weights
the relative frequency of occurrence by the mean frequency of the species across all plots
(Equation (1), Table 1) [23,24]. A CF value greater than 1 indicates an affinity of the species
for the class considered, while a value below 1 indicates avoidance. The ecological profile
of a species corresponds to the distribution of its CF values across the different classes of a
descriptor and expresses the set of probabilities of species presence along the considered
gradient [5]. A difference of one point or more between two CF values is considered
ecologically significant in the present work.
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Species Entropy H(E)

This index measures the overall ecological reactivity of a species within the sampling
design, based on its presence count U and absence count V over a total number of plots
NT (Equation (2), Table 1) [5]. A high H(E) value signals a strongly discriminating species
within the environment. Only species presenting a species entropy greater than or equal
to 0.1 were retained for the analysis of ecological preferences [5,6]. The 12 species present
in a single plot (U = 1, H(E) = 0.068) were consequently excluded from the analysis.
Species retained on the basis of H(E) > 0.1 but with low occurrence frequencies should
be interpreted with caution, as their ecological profiles are based on a limited number of
presences and may not adequately represent their actual habitat preferences. For such
species, corrected frequencies and barycentres are reported as indicative tendencies rather
than robust ecological characterisations.

Descriptor Entropy H(L)

It measures the diversity of plot distribution among the classes of a descriptor and
reflects its potential discriminating power (Equation (3), Table 1) [6,25]. A high descriptor
entropy indicates that the factor is potentially strongly influential on the distribution of
species in the study area.

Species—Descriptor Mutual Information I(L;E)

It quantifies the association between the distribution of a species and the distribution of
plots among the classes of a descriptor, thereby expressing the indicator value of the species
for that descriptor (Equation (4), Table 1) [26,27]. A high I(L;E) value indicates a strong
association between the species and the states of the descriptor. Species whose I(L;E) value
exceeds 0.1 with respect to at least one descriptor are considered sensitive to that descriptor.
The thresholds applied in this study, CF = 1 as the indifference value, H(E) > 0.1 as the
activity threshold, and I(L;E) > 0.1 as the sensitivity threshold, are established conventions
of the ecological profile method with information-theoretic foundations [5,6,23]. They are
applied here as methodological reference values consistent with published applications of
this framework.

2.4.2. Ecological Barycentre and Amplitude
Ecological Barycentre (G)

It locates the ecological optimum of a species along a gradient by calculating the centre
of gravity of its occurrences, weighted by the CF values in each class of the descriptor
(Equation (5), Table 1) [28]. Species whose ecological barycentres are close with respect to
the same descriptor are considered to share similar ecological behaviour and are grouped
into ecological groups.

Ecological Amplitude (B)

For active species, this index was quantified using the Levins index [29], calculated
from the corrected frequencies obtained for each descriptor (Equation (6), Table 1). Follow-
ing Blondel [30] and Ramade [28], normalized corrected frequencies are used as substitutes
for resource-use proportions in the Levins index, an adaptation standard in phytoecological
profile analysis. For the three descriptor classes retained, B ranges between 1 and 3. The
thresholds adopted in this study are as follows: B < 1.5: stenoecious species with narrow
ecological amplitude; 1.5 < B < 2.5: intermediate amplitude; B > 2.5: euryoecious species
with broad ecological amplitude. This quantification complements the qualitative approach
based on CF profiles and ecological barycentres.
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2.4.3. Descriptor Efficiency Diagram

The relative efficiency of the selected ecological descriptors was assessed graphically
using a diagram relating descriptor entropy H(L) on the x-axis to the mean mutual infor-
mation I(L;E) of active species on the y-axis, following the approach proposed by Daget
and Godron [6]. In this diagram, straight lines of constant slope passing through the origin
represent equivalent efficiency levels: a descriptor is more efficient as its mean mutual
information is higher relative to its entropy. Descriptors positioned above the 5% slope
line, retained as the criterion for significant activity in the environment [6,7], are qualified
as active descriptors and considered as structuring the distribution of species. The most
efficient descriptors are those positioned above the steepest diagonal lines and whose mean
mutual information most clearly exceeds the activity threshold. This diagram thus allows
the ranking of descriptors according to their effective discriminating power and justifies
their retention or exclusion from the ecological profile analysis.

2.4.4. Ecological Behaviour of Active Species

The ecological behaviour of all active species was represented in the form of ecograms
illustrating the distribution of corrected frequencies within the classes of each descrip-
tor. These representations allow simultaneous visualisation of the ecological optimum,
corresponding to the class of maximum CF, and the ecological amplitude of the species,
complementing the profile results and facilitate comparison of species behaviour across
descriptors and within ecological groups.

Particular attention was paid to the ecological behaviour of heritage species and in-
troduced species. The ecological profiles of both groups were calculated using the same
indices applied to all active species, independently of their conservation or introduction
status; the grouping by status serves organisational and management purposes only and
does not influence the ecological indices reported. For heritage species (Andryala canariensis
subsp. maroccana, Pseudorlaya pumila, Ammophila arenaria, Crucianella maritima, Aeluropus
littoralis and Crepis bulbosa), the CF profiles, ecological barycentres and ecological ampli-
tudes were analysed in order to define the environmental conditions favourable to their
persistence. For introduced species (Mesembryanthemum edule, Lycium intricatum, Oxalis
pes-caprae, Acacia cyanophylla, Acacia cyclops and Eucalyptus gomphocephala), the same ap-
proach allowed identification of the descriptor states favouring their establishment and
expansion along the coast-inland gradient. The results obtained for these two groups of
species are subsequently placed in perspective with the conservation and management
issues of the SBEL

2.4.5. Determination of Phytoecological Groups and Assemblages

The identification of phytoecological groups and assemblages was based on the results
of the ecological profiles obtained for all selected descriptors, following the approach
proposed by Daget and Godron [6] and Long [31]. In a first step, species designated as active
were grouped into ecological groups based on the proximity of their ecological barycentres
with respect to each descriptor. Species whose barycentres are close for the same descriptor
are considered to share similar ecological preferences with respect to that descriptor and
are therefore grouped as indicators of the same environmental state. In a second step,
phytoecological assemblages were identified by cross-referencing the ecological groups
obtained for the three descriptors. Species exhibiting convergent ecological preferences with
respect to all selected descriptors were brought together within the same phytoecological
assemblage, whose designation is based on the species presenting the highest I(L;E) and
CF values for the descriptor classes defining the assemblage.
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This two-step approach, from ecological group to phytoecological assemblage, allows
the transition from a species-by-species reading of ecological behaviour to a community-
level synthesis reflecting the structuring of psammophilous vegetation in response to the
site’s environmental gradients.

2.4.6. Statistical Validation of Species—Descriptor Associations and
Phytoecological Assemblages

Prior to the ecological profile analysis, Spearman correlations were calculated across
the 123 plots to verify the absence of perfect redundancy between the three selected
descriptors, ensuring that each descriptor provides complementary and non-redundant
information on species distribution and supporting the ecological interpretation of the
groups and assemblages obtained.

The significance of the associations between species and descriptor classes revealed by
the corrected frequency profiles was tested using a Chi-square independence test applied
to each species—descriptor pair. The test compares the observed distribution of species pres-
ences among descriptor classes to a theoretical distribution expected under the hypothesis
of independence. This test allows distinction between genuine ecological affinities and as-
sociations that may result solely from the distribution of plots among classes. Furthermore,
the relevance of the number of phytoecological assemblages retained was assessed using
the Silhouette index [32] and the Caliriski and Harabasz index [33], calculated for partitions
ranging from k = 2 to k = 5 based on Euclidean distances between ecological barycentres
of sensitive species in the two-dimensional space (Topo and OM). The assemblages were
defined a priori on biological grounds following Daget and Godron [6], and the indices
(Silhouette [32] and Caliriski and Harabasz [33]) provide an a posteriori assessment of their
statistical coherence.

A canonical correspondence analysis (CCA) was also performed using the presence-
absence matrix of active taxa and the values of the three selected environmental descriptors
(DTFZ, topographic position and organic matter content), in order to simultaneously
visualise the distribution of plots, the position of species and the direction of environmental
gradients in a constrained ordination space. The significance of the canonical axes and of
the overall vegetation-environment relationship was tested by Monte-Carlo simulation
(999 permutations) [34]. Chi-square tests applied to species descriptor associations were
computed with Monte-Carlo simulation to ensure validity for sparse contingency tables
where expected counts per class may be low.

All calculations were performed using Excel spreadsheet software (Microsoft Office)
and R statistical software (version 4.2.3) [34,35], using the various predefined formulas.
The packages we used were mainly vegan, cluster, ggplot2, gridExtra, ggforce, RColor-
Brewer, ggrepel, grid, dplyr and tidyr [36,37]. Figures and diagrams were produced using
R software.

3. Results
3.1. Species Entropy H(E) and Ecological Reactivity of Species

The psammophilous flora of the Haouzia Bay SBEI comprises 53 vascular taxa dis-
tributed across three successive dune facies, namely the embryonic dunes (F1), the primary
foredune (F2) and the semi-fixed backdune (F3). This floristic assemblage, which includes
six heritage species (endemic, threatened or protected taxa) and six introduced species,
constitutes the biological material on which the ecological preference analysis presented
hereafter is based. Of the total vascular taxa inventoried in the study area, 41 species
present a species entropy H(E) greater than or equal to the retained activity threshold of 0.1
and are therefore considered active in the environment. The 12 excluded species, all present
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in a single plot out of the 123 surveys (U = 1), display a uniform value of H(E) = 0.068, in-
sufficient for their ecological behaviour to be statistically interpretable. These are Euphorbia
helioscopia, Ipomoea stolonifera, Atriplex halimus, Crepis vesicaria, Thapsia garganica, Stellaria
media, Mercurialis annua, Onopordon dissectum, Geranium rotundifolium, Chenopodium album,
Calendula algeriensis and Juniperus phoenicea.

The 41 active species present H(E) values ranging from 0.120 to 0.986, with a mean
value of 0.452 (Supplementary Material Table S1; Figure 2). This mean level reflects
a globally heterogeneous distribution of species among plots, consistent with the high
variability of abiotic conditions characterising disturbed Atlantic dune environments.

Ranking of active species by species entropy H(E)

Andryala canariensis
Mesembryanthemum edule
Euphorbia paralias
Polygonum maritimum
Crepis bulbosa
Centaurea calcitrapa
Lycium intricatum
Agropyrum junceum
Otanthus maritimus
Acacia cyanophylla
Leontodon saxatilis
Asparagus acutifolius
Tamarix gallica
Ammophila arenaria
Pseudorlaya pumila
Oxalis pes-caprae
Urtica dioica

Lotus creticus
Aeluropus littoralis
Cyperus kalli

Acacia cyclops
Pancratium maritimum
Emex spinosa

Cynodon dactylon
Bromus diandrus
Ononis spinosa ssp. Maritima
Medicago littoralis
Crucianella maritima
Eucalyptus gomphocephala
Ephedra fragilis

Silene littorea

Eryngium maritimum
Cakile maritima
Paronychia argentea
Erodium sp.

Salsola kali

Plantago coronopus
Medicago truncatula
Helianthemum guttatum
Cynomorium coccineum
Alyssum maritimum

0.165
0.165

0.120
0.120
0.120
0.120
0.120
0.120

SBEI Haouzia Bay (Province of El Jadida, Morocco) — NT = 123 plots — Threshold H(E) >= 0.1

0.986
0.960
0.918
0.872
0.827
0.827
0.774
0.712
0.695
0.640
0.601
0.580
0.558
0.558
0.535
0.535
0.511
0.511
0.461
0.407
0.378
0.347
0.347
0.347
0.347
0.315
0.315
0.315
0.281
0.281
0.245
0.245
0.245

0.0

0.2

04 0.6 038 1.0
Species entropy H(E)

. Heritage species . Introduced species . Native species

Figure 2. Ranking of the 41 active species by decreasing species entropy H(E) of psammophilous
flora of the Haouzia Bay SBEI Species with HE > 0.1 were retained for ecological preference
analysis. Dashed line indicates the activity threshold€(E) = 0.1). Colour coding reflects species
status: green = native species, blue = heritage species (threatened, protected or endemic), and
red = introduced species.

The ranking of active species in decreasing order of H(E) revealed four levels of ecolog-
ical reactivity. Eight species present very high reactivity (H(E) > 0.70): Andryala canariensis
subsp. maroccana (H(E) = 0.986), Mesembryanthemum edule (H(E) = 0.960), Euphorbia paralias
(H(E) = 0.918), Polygonum maritimum (H(E) = 0.872), Crepis bulbosa and Centaurea calcitrapa
(H(E) = 0.827), Lycium intricatum (H(E) = 0.774) and Agropyrum junceum (H(E) = 0.712). Ten
species fall within the high reactivity class (0.50 < H(E) < 0.70), ten within the moderate
class (0.30 < H(E) < 0.50) and thirteen within the low class (0.10 < H(E) < 0.30).

Among the six introduced species present in the inventory, all are active and display
notable H(E) values. Mesembryanthemum edule, with the highest value in the sampling
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design after Andryala canariensis subsp. maroccana, is distinguished by high ecological
reactivity (H(E) = 0.960, U = 76 presences out of 123 plots), confirming its structuring role
in the dune vegetation of the site. Lycium intricatum, Acacia cyanophylla and Oxalis pes-caprae
also present high reactivity values (respectively (0.774, 0.640, 0.535), reflecting their broad
distribution within the sampling design.

The six heritage species are all active. Andryala canariensis, a Moroccan—Algerian
endemic taxon, presents the highest reactivity in the entire sampling design (0.986), mak-
ing it the most discriminating species of the site’s psammophilous flora. Crepis bulbosa
(protected species, 0.827), Ammophila arenaria (threatened species, 0.558) and Pseudorlaya
pumila (Mediterranean endemic taxon, 0.535) present very high and high reactivity, respec-
tively. Aeluropus littoralis (0.461) and Crucianella maritima (0.315), both threatened, display
moderate reactivity, consistent with their more restricted occurrence frequencies within the
sampling design (U = 12 and U = 7, respectively).

Analysis by life form showed that hemicryptophytes (0.605) and geophytes (0.508)
present the highest reactivity values, while therophytes, despite their numerical dominance
in the site’s flora, display the lowest mean reactivity (0.349), related to their generally lower
occurrence frequencies.

3.2. Efficiency of Ecological Descriptors

The complementarity of the three selected descriptors was verified using Spearman
correlations calculated across the 123 plots. The coefficients obtained indicate a strong
correlation between DTFZ and topography (rho = 0.837; p < 0.001), expected given the
natural covariation of these two gradients along the coast-inland transect, and moderate
correlations between topography and organic matter (rho = 0.684; p < 0.001) and between
DTFZ and organic matter (tho = 0.549; p < 0.001). Although the DTFZ-topography cor-
relation is high, the non-shared variance between these two descriptors (1 — rho? = 30%)
justifies their simultaneous retention in the analysis, each providing partially independent
information on the distribution of psammophilous species along the dune gradient.

The analysis of the efficiency of the three selected descriptors is based on the com-
parison of descriptor entropy H(L) and mean mutual information I(L;E) calculated across
the 41 active species. Ecological preference analyses and calculations of ecological profile
indices with respect to the three selected descriptors were thus performed. Descriptor
entropy values indicate a globally balanced distribution of plots among classes for topogra-
phy and distance to the tidal fluctuation zone, with values of 1.585 and 1.579, respectively,
compared to a more unbalanced distribution for organic matter (1.353), whose class 1 alone
groups 75 plots out of 123 (Table 2).

Table 2. Efficiency of environmental descriptors retained for the ecological profile analysis of psam-
mophilous flora at the Haouzia SBEI.

. Plot Distribution
Descriptor H(@L) I(L;E) Mean Slope (%)
Class 1 Class 2 Class 3
DTFZ 45 36 42 1.579 0.055 3.51
Topo 41 41 41 1.585 0.084 5.33
OM-soil 75 22 26 1.353 0.072 5.34

Examination of the efficiency diagram (Figure 3) showed that two descriptors are
positioned above the 5% slope line, the threshold retained to qualify a descriptor as active
in the environment, topography and soil organic matter, both with slopes of approximately
5.33%. The DTFZ descriptor, with a slope of 3.51%, showed relatively lower discriminating
efficiency at the scale of the overall sampling design, though this result depends on the
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conventional threshold applied and the three-class discretisation adopted, and seven species
remain sensitive to it with I(L;E) > 0.1.

Efficiency diagram of ecological descriptors
SBEI Haouzia Bay (Province of El Jadida, Morocco)
DTFZ: Distance to tidal fluctuation zone ; OM-soil: Soil organic matter content; Topo: Topographic positiol
w
2
8 5%
o
w
O
> 0.09 1 Tso
=
Q
m -
‘S OM-soil
—_
i
=
= 0.06- DTFZ
c
2
-—
©
=
-
L
=
= 0.03
=
o
=
£
c
©
)
=
0.00 1
0.0 0.5 1.0 1.5 2.0
Descriptor entropy H(L)

Figure 3. Efficiency diagram of the three ecological descriptors retained for the analysis of psam-
mophilous flora ecological preferences (Haouzia Bay SBEI). Diagonal dashed lines represent iso-
efficiency lines of constant slope.

The number of active species for each descriptor (with I(L;E) > 0.1) confirms this
hierarchy: 14 species are sensitive to topography, 9 to soil organic matter and 7 to distance
to the tidal fluctuation zone (Table S1). Among the species most strongly associated with
the descriptors, Euphorbia paralias presents the highest mutual information values for
topography (0.287) and organic matter (0.312), making it the most indicative species in the
sampling design. Asparagus acutifolius stands out for the DTFZ descriptor (0.168), followed
by Euphorbia paralias (0.163) and Acacia cyanophylla (0.137).

The canonical correspondence analysis confirms and extends the results from the eco-
logical profiles. The overall relationship between the floristic composition of the 123 plots
and the three environmental descriptors is highly significant (Monte-Carlo permutation
test, p < 0.001), with a constrained inertia of 11.3% of total inertia, a proportion consistent
with presence-absence data in dune environments. The first two canonical axes together
explain 86.1% of the constrained variance (CCA1 = 64.8%; CCA2 = 21.3%). The biplot
(Figure 4) revealed a clear separation of the three dune facies along the first canonical
axis, opposing embryonic dune plots (F1, negative CCA1) to semi-fixed backdune plots
(F3, positive CCA1), with primary foredune plots (F2) occupying an intermediate position.
The three environmental vectors, jointly oriented along CCA1, confirm their common
contribution to the structuring of the coast-inland gradient, while CCA2 captures local
heterogeneities within facies, particularly pronounced in F2.
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Canonical Correspondence Analysis (CCA)
Psammophilous vegetation - SBEI Haouzia Bay (Province of El Jadida, Morocco)
Constrained inertia: 11.3% ; CCA1=64.8% ; CCA2=21.3% ; Permutation test: p < 0.001
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Figure 4. Canonical correspondence analysis of psammophilous vegetation (Haouzia Bay SBEI).
Ellipses represent 95% confidence intervals by facies. Permutation test: p < 0.001.

Taken together, these results indicate that the structuring of psammophilous flora
in the Haouzia SBEI is primarily determined by the coast-inland topographic gradient
and by soil organic matter content, two descriptors closely linked to the conditions of
progressive sand stabilisation and organic matter accumulation from the embryonic dunes
towards the backdune. The DTFZ descriptor, although less discriminating at the overall
scale of the sampling design, retains an indicator value for the most specialised species
of nearshore zones. Accordingly, all three descriptors are retained for the subsequent
ecological preference analysis.

3.3. Ecological Preferences of Active Species
3.3.1. Preferences with Respect to Distance to the Tidal Fluctuation Zone

The DTFZ descriptor revealed seven sensitive species with I(L;E) > 0.1 (Table S1,
Figure 5). The corrected frequency profiles allow distinction of two ecological groups ac-
cording to barycentre position. The first group, comprising a single species, is characterised
by a marked affinity for the proximal zone (class 1: 10-22 m). Euphorbia paralias presents
the most clearly orientated profile towards the plots nearest to the shoreline (CF; = 1.733;
CF; = 1.000; CF; = 0.214; G = 1.485; I = 0.163), confirming its role as a typical species of
Atlantic embryonic dunes. Its intermediate amplitude (B = 2.145) nevertheless reflects
a capacity to colonise the first two classes. The second group, formed by four species
with barycentre in class 3 (G > 2.5), reflects an affinity for the zones most distant from
the shoreline (45-140 m). Asparagus acutifolius constitutes the most indicative species of
this group with the highest I(L;E) value of the descriptor (I = 0.168; CF; = 0; CF; = 2.584;
G = 2.865) and a stenoecious amplitude (B = 1.304), reflecting its affinity for backdune
environments. Urtica dioica presents a similar profile (CF; = 0; CF; = 2.510; G = 2.837;
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B =1.375). Acacia cyanophylla (G = 2.667) and Lycium intricatum (G = 2.515) complete this
group with intermediate amplitudes. Two species, Leontodon saxatilis (G = 2.353) and
Polygonum maritimum (G = 1.543), occupy a transitional position between classes 2 and 3,
without a clear affinity for either end of the gradient.

Ecograms of active species — Corrected frequencies (CF) by descriptor
SBEI Haouzia Bay (Province of El Jadida, Morocco) ; Dashed line: CF = 1 (indifference) - CF > 1: affinity - CF < 1: avoidance
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Figure 5. Ecograms of the 41 active species showing corrected frequency (CF) distributions across
classes of the three environmental descriptors (Haouzia Bay SBEI).
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3.3.2. Preferences with Respect to Topographic Position

Topography is the most discriminating descriptor with fourteen sensitive species,
distributed among three ecological groups (Table S1; Figure 5). The first group, comprising
four species with barycentre in class 1 (G < 1.5), brings together species characteristic of em-
bryonic dunes and the primary foredune. Euphorbia paralias presents the highest I(L;E) value
in the entire sampling design (0.287; CF; = 1.902; CF; = 0; G = 1.366), confirming its role as
a structuring species of facies F1. Polygonum maritimum (CF; = 2.000; G = 1.361; I = 0.211)
and Otanthus maritimus (CF; = 2.087; G = 1.304; I = 0.154) present comparable affinities
for the foredune, their total absence in class 3 (CF3 = 0) underlining their intolerance to
backdune conditions. Agropyrum junceum (CF; = 1.875; G = 1.375; I = 0.143) completes
this group with an intermediate amplitude. The second group, formed by five species
with barycentre in class 2 (1.5 < G < 2.5), is associated with the primary foredune (dune
crest). Pseudorlaya pumila, a Mediterranean endemic, presents a remarkably concentrated
profile on class 2 (CF; = 2.600; CF; = CF3 = 0.200; G = 2.000; B = 1.316), reflecting a marked
stenoecious character for this habitat. Ammophila arenaria (CF, = 2.250; G = 1.750; 1 = 0.113)
and Crepis bulbosa (CF, = 1.781; G = 2.281; I = 0.122) also showed a preference for the pri-
mary foredune. Centaurea calcitrapa (G = 2.312) and Leontodon saxatilis (G = 2.333) occupy
the fringe between the primary foredune and the backdune. The third group, comprising
six species with barycentre in class 3 (G > 2.5), brings together species characteristic of
the semi-fixed backdune. Asparagus acutifolius and Eucalyptus gomphocephala present the
most extreme profile with zero corrected frequencies in classes 1 and 2 (CF; = CF, = 0;
CF3 = 3.000; G = 3.000; B = 1.000), representing the maximum possible stenoecious values
for three classes. Urtica dioica (CF; = 2.786; G = 2.929; B = 1.153) and Acacia cyanophylla
(CF3 =2.550; G = 2.850; B = 1.342) confirm their confinement to the backdune, as do Lycium
intricatum (G = 2.714), Tamarix gallica (G = 2.750) and Oxalis pes-caprae (G = 2.667).

3.3.3. Preferences with Respect to Soil Organic Matter Content

Nine species are sensitive to the OM-soil descriptor, distributed among two ecological
groups (Table S1; Figure 5). The first group, with affinity for organic matter-poor soils
(class 1), comprises three species. Euphorbia paralias presents here the most clear-cut pro-
file across all analyses, with corrected frequencies concentrated in class 1 (CF; = 1.662;
CF, = CF; =0; G = 1.000; B = 1.000), an absolute stenoecious value reflecting its strong
association with organic matter-poor sandy substrates. Agropyrum junceum (CFy = 1.593;
CF3 = 0; G =1.123; B = 1.274) and Polygonum maritimum (CF; = 1.524; G = 1.287) confirm
their association with the most organic matter-poor dune soils. The second group, with
affinity for the most organic matter-rich soils, is the largest with six species (class 3 for five
species and CI2 for one species). Eucalyptus gomphocephala presents the most extreme profile
(CF3 =4.731; CF; = CF, = 0; G = 3.000; B = 1.000), followed by Urtica dioica (CF; = 4.393;
G =2.948; B = 1.053), two indicative species of substrates enriched in organic matter under
the influence of pastoral pressure and waste deposits characterising the backdunes of the
site. Asparagus acutifolius (CF5 = 3.061; G = 2.619), Lycium intricatum (CF3 = 2.703; G = 2.552)
and Acacia cyanophylla (CF3 = 2.602; G = 2.528) confirm the association of introduced woody
backdune species with the most organic matter-rich substrates. Oxalis pes-caprae completes
the species of this group, although presenting a more pronounced affinity for class 2 of
this descriptor.

3.3.4. Ecological Behaviour of Species of Special Status (Heritage and Introduced Species)

The six active heritage species present contrasting ecological behaviours with respect
to the three selected descriptors (Table S1; Figure 5). Andryala canariensis, the most reactive
species in the sampling design (H(E) = 0.986), presents no significant sensitivity for any
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descriptor. Its barycentres close to class 2 (G_DTFZ = 1.861; G_Topo = 1.906; G_OM = 1.715)
and euryoecious amplitudes (B > 2.5) indicate broad ecological tolerance across the entire
coast-inland gradient. Ammophila arenaria is sensitive only to topography (I_Topo = 0.113;
G_Topo = 1.750; CF2_Topo = 2.250) and presents stenoecious behaviour for organic matter
(B_OM = 1.432; CF3_OM = 0), consistent with its ecology as a characteristic psammophyte
of mobile sandy substrates. Crucianella maritima does not exceed the sensitivity threshold
for any descriptor despite notable CF values in the proximal zone (CF1_DTFZ = 1.562;
CF1_Topo = 1.714); its total absence in class 3 for both topography and DTFZ signals
intolerance to backdune conditions, though its low frequency (U = 7) limits profile robust-
ness. Crepis bulbosa is the only heritage species sensitive to topography (I_Topo = 0.122;
G_Topo = 2.281; CF2_Topo = 1.781), with intermediate amplitudes (B~2.1) suggesting mod-
erate ecological plasticity. Aeluropus littoralis presents the strongest stenoecious behaviour
for organic matter (B_OM = 1.000; CF1_OM = 1.640; CF2_OM = CF3_OM = 0) and total
absence from the backdune (CF3_Topo = 0), reflecting its marked affinity nearshore sandy
substrates. Pseudorlaya pumila presents a remarkably concentrated profile on topographic
class 2 (CF2_Topo = 2.600; CF1_Topo = CF3_Topo = 0.200; G_Topo = 2.000; B_Topo = 1.316),
reflecting a marked stenoecious character for the primary foredune habitat and dependence
on the morphological integrity of the primary dune ridge.

The six active introduced species showed ecological behaviours consistent with their
observed distribution and expansion strategies (Table S1; Figure 5). Mesembryanthemum
edule stands apart with euryoecious amplitudes for all three descriptors (B~3.0) and barycen-
tres centred on class 2 (G_DTFZ = 1.935; G_Topo = 1.934; G_OM = 1.787), confirming its
capacity to colonise the entire dune gradient without clear ecological preference, precisely
the trait that makes it the most formidable invader on the site. Lycium intricatum and
Acacia cyanophylla showed convergent behaviours with marked affinities for the backdune
and organic matter-rich substrates, strictly absent from proximal zones. L. intricatum is
sensitive to all three descriptors (I_DTFZ = 0.108; I_Topo = 0.203; I_OM = 0.218) with
barycentres systematically in class 3 (G_DTFZ = 2.515; G_Topo = 2.714; G_OM = 2.545).
Acacia cyanophylla displays similar values (G_DTFZ = 2.667; G_Topo = 2.850; G_OM = 2.521)
with stenoecious topographic amplitude (B_Topo = 1.342; CF3_Topo = 2.550), concentrating
85% of its occurrences in facies F3 and making it, together with L. intricatum, one of the most
characteristic species of the enriched backdune. Oxalis pes-caprae, a South African geophyte
active in the sampling design (H(E) = 0.535; U = 15), is absent from the embryonic dune
and positioned in facies F3 on moderately to highly organic substrates (G_Topo = 2.667;
G_OM = 2.355; CF2_OM = 2.610), with mutual information values near the sensitivity
threshold (I_Topo = 0.089; I_OM = 0.101). Eucalyptus gomphocephala presents the most ex-
treme stenoecious profile in the entire sampling design (B = 1.000 and G = 3.000 for all three
descriptors simultaneously), with specific presences in the most distant and organically
enriched backdune conditions. Acacia cyclops, although not reaching the sensitivity thresh-
old for any descriptor (I_DTFZ = 0.065; I_Topo = 0.064; I_OM = 0.042), showed barycentres
consistently in class 3 (G~2.75), confirming its backdune association despite low occurrence
frequency (U =9).

3.4. Ecological Groups and Phytoecological Assemblages
3.4.1. Ecological Groups

The cross-referencing of the ecological barycentres of the 16 species sensitive to at
least one descriptor allows identification, for each descriptor, of three groups of species
sharing similar ecological preferences (Table 3, Figure 6). For the DTFZ descriptor
(7 sensitive species), the proximal zone group (Cl1) comprises only one species, Euphor-
bia paralias (G = 1.485); the transitional group (Cl2) brings together Leontodon saxatilis
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(G =2.353) and Polygonum maritimum (G = 1.543); and the distal zone group (Cl3) comprises
four species including Lycium intricatum, Acacia cyanophylla, Urtica dioica and Asparagus
acutifolius (G between 2.515 and 2.865).

Psammophilous vegetation profile - SBEI Haouzia Bay (Province of El Jadida, Morocco)
41 active species (H(E) >= 0.1) ; 3 phytoecological assemblages

e Bubble: mean cover (size) and number of plots (figure) m Bar: relative frequency ; Life form after Raunkiaer (1934)
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Figure 6. Psammophilous vegetation profile of the SBEI Haouzia Bay (for 41 active species). Bubble
size reflects mean cover; number inside bubble indicates number of occurrences. Bar length represents
relative frequency. Bold-italic species names indicate assemblage membership.
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Table 3. Summary of phytoecological assemblages and member species, corrected frequencies (CF), barycentres (G), amplitudes (B) and mutual information values

I(L;E) (SBEI Haouzia Bay, Province of El Jadida, Morocco).

Species

LF

Statut

CF DZB CF Topo CF OM-Soil Barycentre G Levins B I(L;E)
8] H(E) OM- OM- OM-
Cl11 C12 CI3 Cl11 CI2 C13 (@i} ClI2 C13 Topo Soil Topo Soil Topo Soil

Assemblage 1, Characteristic psammophytes of embryonic dunes (Topo = C11/OM = Cl1/DTFZ = Cl1)

Euphorbia
paralias
Agropyrum
junceum
Polyggnmn
maritimum
Otanthus
maritimus

G

G

Th

Ch

Nat.

Nat.

Nat.

Nat.

41 0.9183  1.733 1.000 0.214 1.902 1.098 0.000 1.640 0.000 0.000 1.366 1.000 1.866 1.000 0.2867 0.3124

24 0.7121 1.594 1.281 0.122 1.875 1.125 0.000 1.572 0.233 0.000 1.375 1.129 1.882 1.290 0.1432 0.1221

36 0.8722  1.670 0.949 0.325 2.000 0.917 0.083 1.503 0.311 0.131 1.361 1.295 1.857 1.594 0.2111 0.1404

23 0.6951 1.664 0.891 0.382 2.087 0.913 0.000 1.497 0.486 0.000 1.304 1.245 1.734 1.587 0.1537 0.0949

Assemblage 2, Species of the primary foredune (Topo = C11-C12/OM = ClI1-Cl2/DTFZ = CI2)

Ammophila
arenaria
Pseudorlaya
pumila
Centaurea
calcitrapa
Crepis bulbosa

Leontodon
saxatilis

G

Men.

End.

Nat.

Prot.

Nat.

16 0.5577  0.854 1.708 0.549 0.750 2.250 0.000 1.538 0.349 0.000 1.750 1.185 1.600 1.432 0.1132 0.0697

15 0.5349  0.182 2.278 0.781 0.200 2.600 0.200 1.312 1.118 0.000 2.000 1.460 1.316 1.987 0.1243 0.0454

32 0.8270  0.513 1.922 0.732 0.094 1.875 1.031 0.871 2.271 0.296 2.313 1.833 1.962 1.969 0.1590 0.0989
32 0.8270  0.769 1.495 0.824 0.188 1.781 1.031 0.820 1.922 0.739 2.281 1.977 2.107 2.467 0.1215 0.0429
18 0.6006  0.000 2.088 1.139 0.000 2.000 1.000 1.002 1.553 0.526 2.333 1.845 1.800 2.571 0.1097 0.0129

Assemblage 3, Species of the backdune on enriched soils (Topo = C13/OM = CI2-Cl13/DTFZ = CI3)

Lycium
intricatum
Acacia
cyanophylla
Asparagus
acutifolius
Urtica dioica
Tamarix gallica
Eucalyptus
gomphocephala
Oxalis pes-carpea

Ph

Ph

Ch

Hc
Ph

Ph
G

Int.

Int.

Nat.

Nat.
Nat.

Int.

Int.

28 0.7739  0.195 1.098 1.778 0.000 0.857 2.143 0.234 1.597 2.703 2.714 2.544 1.690 2.074 0.2033 0.2184

20 0.6405  0.000 1.025 2.050 0.000 0.450 2.550 0.246 1.677 2.602 2.850 2.521 1.342 2.123 0.1883 0.1338

17 0.5795  0.000 0.402 2.584 0.000 0.000 3.000 0.000 1.973 3.061 3.000 2.608 1.000 1911 0.2532 0.2206

14 0.5113  0.000 0.488 2.510 0.000 0.214 2.786 0.117 0.000 4.393 2.929 2.948 1.153 1.053 0.1558 0.2377
16 0.5577  0.171 0.641 2.196 0.000 0.750 2.250 0.410 2.097 1.774 2.750 2.319 1.600 2.376 0.1132 0.0586

6 0.2812  0.000 0.000 2.929 0.000 0.000 3.000 0.000 0.000 4.731 3.000 3.000 1.000 1.000 0.0810 0.1165
15 0.5349  0.364 0.911 1.751 0.000 1.000 2.000 0.219 2.610 1.892 2.667 2.355 1.800 2.135 0.0895 0.1006

LF: Life form (G = Geophyte; Th = Therophyte; Ch = Chamaephyte; Hc = Hemicryptophyte; Ph = Phanerophyte). U: total number of presences out of 123 plots. Status and Species
columns: Nat. = Native (green); (Heritage (blue): Thr. = Threatened; Prot. = Protected; End. = Endemic); Int. = Introduced (red). CF: Corrected Frequency (CF > 1 = affinity, in bold
green; CF < 0.5 = avoidance, in red); the maximum CF class is highlighted for each descriptor. DTFZ: Cl1 = 10-22 m, CI2 = 23-44 m, CI3 = 45-145 m; Topo: Cl1 = Embryonic dune, CI2 =
Primary foredune, C13 = Backdune; OM-soil: Cl1 = <10 mg/kg, C12 = 10-12 mg/kg, ClI3 = >12 mg/kg. G: ecological barycentre (value close to 1 = affinity for Cl1; close to 3 = affinity for
ClI3). B: Levins index (B < 1.5 = Stenoecious, in red; B > 2.5 = Euryoecious, in green). I(L;E) > 0.1 = species sensitive to the descriptor, in bold.

https://doi.org/10.3390/ ecologies7030064


https://doi.org/10.3390/ecologies7030064

Ecologies 2026, 7, 64

18 of 26

For the Topo descriptor (14 sensitive species, the most discriminating), the foredune
group (CI1) comprises four typically psammophilous species (Euphorbia paralias, Polygonum
maritimum, Otanthus maritimus, Agropyrum junceum), the dune crest group (Cl2) brings
together five species (Centaurea calcitrapa, Pseudorlaya pumila, Crepis bulbosa, Ammophila
arenaria, Leontodon saxatilis) and the backdune group (CI3, with G > 2.71) counts five species
of which four are introduced or woody (Asparagus acutifolius, Lycium intricatum, Acacia
cyanophylla, Urtica dioica, Tamarix gallica).

For the OM-soil descriptor (9 sensitive species), the poor soil group (Cl1) comprises
three characteristic psammophilous species (Euphorbia paralias, Polygonum maritimum,
Agropyrum junceum), the intermediate soil group (Cl2) includes only one species (Ox-
alis pes-caprae) and the rich soil group (Cl3, with G between 2.521 and 3) brings together
five species, of which four are introduced (Acacia cyanophylla, Lycium intricatum, Asparagus
acutifolius, Urtica dioica, Eucalyptus gomphocephala).

3.4.2. Phytoecological Assemblages

The cross-referencing of the ecological groups obtained for the three descriptors allows
identification of three coherent phytoecological assemblages (Table 3).

Assemblage 1, characteristic psammophytes of embryonic dunes (Topo = CI1/OM = Cl1/DTFZ = CI1).
This assemblage comprises four species sharing a marked affinity for the most nearshore
mobile sandy substrates: Euphorbia paralias, Agropyrum junceum, Polygonum maritimum and
Otanthus maritimus. Their barycentres are all in class 1 for both topography and organic
matter, with zero CF values in class 3 for topography, confirming their intolerance to back-
dune conditions. Euphorbia paralias is the most indicative species of this assemblage with
the highest mutual information values for OM-soil (I = 0.312) and Topo (I = 0.287). The
maximum distance between barycentres within this assemblage is 0.295, attesting to high
internal cohesion.

Assemblage 2, species of the primary foredune (Topo = CI1—CI2/OM = CI1—-CI2/DTFZ = CI2).
This assemblage comprises five species distributed along the primary foredune: Ammophila
arenaria, Pseudorlaya pumila, Centaurea calcitrapa, Crepis bulbosa and Leontodon saxatilis. Its
internal cohesion is weaker (maximum distance between barycentres of the order of 1.148),
reflecting the progressive ecological transition from the front of the primary foredune to its
crest. A proximal subgroup centred on Ammophila arenaria (G_Topo = 1.750) also including
Pseudorlaya pumila, and a distal subgroup bringing together Centaurea calcitrapa, Crepis
bulbosa and Leontodon saxatilis (G_Topo~2.3), with Pseudorlaya pumila in an intermediate
position, are distinguished within this assemblage. The presence of three heritage species,
Ammophila arenaria (threatened), Pseudorlaya pumila (endemic) and Crepis bulbosa (protected),
confers particular conservation value upon this assemblage.

Assemblage 3,  species of the semi-fixed backdune on enriched soils
(Topo = CI3/OM = CI2—CI3/DTFZ = CI3). This assemblage comprises seven species re-
stricted to the conditions of the semi-fixed backdune: Lycium intricatum, Acacia cyanophylla,
Asparagus acutifolius, Urtica dioica, Tamarix gallica, Eucalyptus gomphocephala and Oxalis
pes-caprae. It is the most cohesive assemblage for the Topo and DTFZ descriptors, with
barycentres systematically in class 3. The dominance of introduced species (three out of
seven) and the presence of Urtica dioica, an indicator of nitrophily, reflect the advanced
degradation of this facies under the combined effect of ovine grazing and waste deposits
linked to its high anthropogenic attendance.

The relevance of the partition into three phytoecological assemblages was assessed

using two classification quality indices calculated for a number of assemblages “j” ranging
from 2 to 5. The silhouette index, which simultaneously measures the internal cohesion

of each assemblage and its separation from neighbouring assemblages, is maximal for
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j =3 (S = 0.645) and decreases monotonically beyond this value, confirming that three
assemblages constitute the optimal partition of active species in the ecological barycentre
space. Furthermore, the Calinski-Harabasz index presented a significant jump between
j=2(CH =51.16) and j = 3 (CH = 83.00, +62%), followed by a marginal progression between
j=3andj =4 (+1.1%) with no biological significance, which supports the choice of j = 3.
The silhouette values by assemblage (Gr.1 = 0.820; Gr.2 = 0.305; Gr.3 = 0.694) revealed
strong internal cohesion for the embryonic dune and backdune assemblages, as well as
more moderate cohesion for the primary foredune assemblage, reflecting the progressive
ecological transition characterising these facies.

4. Discussions
4.1. Descriptor Efficiency and Ecological Structuring of Dune Vegetation

The descriptor hierarchy established by the efficiency diagram is as
follows: topography > soil organic matter > distance to the tidal fluctuation zone. It
reveals that the structuring of psammophilous flora in the Haouzia SBEI is primarily deter-
mined by descriptors linked to the progressive stabilisation of the dune substrate, rather
than by immediate proximity to the sea. This result is consistent with studies conducted on
Atlantic and Mediterranean dune systems, which systematically identify the coast-inland
topographic gradient as the primary factor structuring coastal vegetation [2,8], owing to
its integrating role with respect to multiple abiotic constraints (substrate mobility, salt
spray deposition, wind intensity) that vary in a coordinated manner along this gradient.
This pattern diverges from findings in less disturbed Atlantic dune systems, where DTFZ
typically ranks among the primary structuring factors [1,2], suggesting that in Haouzia
Bay the progressive human-induced stabilisation and enrichment of the sub-strate have
partially overridden the direct influence of marine proximity on species distribution.

The almost identical slope (~5.33%) of the Topo and OM-soil descriptors in the effi-
ciency diagram does not imply equivalence of their discriminating power: topography
discriminates 14 sensitive species against 9 for organic matter, and the mean mutual infor-
mation is higher for topography (I(L;E) = 0.084 vs. 0.072). The convergence of slopes is
explained by the correlation between the two descriptors; backdune substrates are mechan-
ically richer in organic matter than foredune substrates owing to the accumulation of plant
litter and organic inputs of anthropogenic origin (trampling, grazing). This link between
topography and OM-soil constitutes in itself ecological information on the functioning
of the system: topographic stabilisation of the dune substrate conditions organic matter
enrichment, which in turn determines the floristic assemblages of the backdune. This
edaphic-topographic coupling, well documented in Atlantic dune chronosequences [8],
takes on particular significance at Haouzia where anthropogenic organic inputs accelerate
the natural gradient of substrate enrichment, potentially compressing the transition zone
between facies and narrowing the ecological space available to foredune specialists.

The significant but imperfect correlation between DTFZ and topography (rho = 0.837)
partly explains the lesser efficiency of the former descriptor: a substantial fraction of the
information carried by DTFZ is already captured by topography, a more integrating descrip-
tor of dune abiotic constraints. Rather than treating this collinearity as a reason to exclude
DTFZ, its simultaneous retention with topography is justified by three complementary
lines of evidence. At the species level, seven species were sensitive to DTFZ but not to
topography (I(L;E) > 0.1), demonstrating that DTFZ carries ecologically distinct informa-
tion not fully captured by topographic position alone. These species provide biological
evidence of the ecological information captured by the non-shared variance (30%) between
the two descriptors, reflecting distributions determined more directly by marine proximity
than by morphodynamic position. At the multivariate level, the CCA biplot shows that
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all three environmental vectors contribute jointly but non-redundantly to the constrained
ordination space. The Spearman correlations among the three descriptors, although signifi-
cant, therefore confirm that DTFZ, Topo and OM-soil provide partially independent and
complementary information on the distribution of psammophilous species at the site [6,27].
These results are presented as relative tendencies rather than strictly partitioned effects,
given the collinearity inherent to the coast—inland gradient structure.

4.2. Ecological Reactivity and Amplitude: Generalist vs. Specialist Species

The distribution of the 41 active species among the three ecological amplitude cat-
egories reveals a clear dominance of species with intermediate amplitude for all three
selected descriptors: 23 (56%), 24 (59%) and 24 (59%) species out of 41, respectively, for
topography, DTFZ and OM-soil. In Atlantic dune systems in good conservation status,
a higher proportion of ecological specialists is expected in zones subjected to the most
intense marine constraints, with the selection pressure exerted by substrate instability,
salinity and wind exposure favouring species with narrow tolerance at the expense of
generalists [1,2]. The predominance of intermediate amplitudes observed at the Haouzia
SBEI echoes patterns reported in other heavily visited Mediterranean dune systems [38,39],
where chronic disturbance progressively erodes the ecological differentiation between
facies by homogenising substrate conditions and reducing the intensity of environ-mental
filtering that normally maintains specialist assemblages in structurally distinct habitats.
Beyond this signal of disturbance, the coexistence of stenoecious and euryoecious species
within the same dune system constitutes an important indicator of its residual functional
state. The persistence of stenoecious species, particularly those of the embyonic dune and
primary foredune such as Euphorbia paralias and Ammophila arenaria, indicates that the vege-
tation assemblages present at the site still retain a degree of ecological functionality, as these
pioneer specialists play a key role in sandy substrate stabilisation and dune morphology
maintenance. Their narrow ecological amplitudes, while conferring high sensitivity to
disturbance and climate change, are precisely the trait that makes them irreplaceable as indi-
cators of dune ecosystem health. Conversely, the broad-amplitude euryoecious species, by
occupying multiple facies simultaneously, ensure a degree of spatial continuity in floristic
distribution and contribute to the resilience of the vegetation cover under perturbation.

Among characteristic stenoecious species, Euphorbia paralias and Asparagus acutifolius
presented the lowest Levins values in the sampling design (B = 1.000 for all three descrip-
tors simultaneously), attesting to the strongest ecological specialization recorded in the
sampling design. While the stenoecious character of Euphorbia paralias with respect to
organic matter-poor soils and foredune positions is well documented in the Mediterranean
and Atlantic literature [9], that of Asparagus acutifolius for the conditions of the enriched
backdune warrants attention in a management context. This native species with high
indicator value (I_Topo = 0.253) is associated with the same conditions as the introduced
woody species of assemblage 3, suggesting that it paradoxically benefits from the organic
enrichment favoured by anthropogenic disturbances.

Mesembryanthemum edule stands out by its maximum euryoecious amplitudes for all
three descriptors (B_LDTFZ = 2.922; B_Topo = 2.950; B_OM = 2.786), making it, together with
Andryala canariensis, the most generalist species in the sampling design. This remarkable
euryoecy constitutes precisely the functional trait that confers upon this succulent geophyte
its formidable invasive capacity, allowing it to colonise the entire dune gradient from
embryonic dunes to backdunes, in contrast to the other introduced species at the site which
remain restricted to facies F3. This euryoecious behaviour has been documented in other
Mediterranean dune systems where M. edule figures systematically among the species with
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the broadest ecological amplitude [38,39], confirming that its plasticity with respect to
environmental gradients is a general characteristic of the species and not a local artefact.

4.3. Ecological Behaviour of Heritage Species and Implications for Their Conservation

The analysis of the ecological profiles of heritage species provides valuable informa-
tion for defining the environmental conditions necessary for their persistence, information
directly applicable to the management of the SBEIL. Ammophila arenaria, a structuring species
of Atlantic primary foredunes classified as threatened in Morocco, presented a significant
affinity for the dune crest (CF2_Topo = 2.250; I_Topo = 0.113) and a marked stenoecious
character for soils with low organic matter content (B_OM = 1.274; CF3_OM = 0). This
ecological profile confirms its marked preference for mobile sandy substrates with low
organic content, conditions that characterise a functional, non-degraded dune system. The
observed regression of this species in Atlantic dune systems is generally attributed to exces-
sive sand stabilisation by re-vegetation and to organic matter enrichment of the substrate
under the effect of anthropogenic disturbances [40], two processes clearly identified in our
analysis by the dominance of enriched OM classes in facies F2 and F3. The definition of
preserved mobile dune corridors, consistent with the conditions defined by its barycentres
(G_Topo = 1.750; G_OM = 1.177), constitutes a priority measure for the maintenance of this
species at the Haouzia SBEI.

Andryala canariensis, a Moroccan—Algerian endemic taxon and the most reactive species
in the sampling design (H(E) = 0.986), presented euryoecious behaviour for all three
descriptors (B ~ 3.0), indicating broad ecological plasticity. This result is initially surprising
for an endemic species for which narrow specialisation would a priori be expected, but
it may be explained by two non-exclusive mechanisms. On one hand, endemics with
broad altitudinal or topographic distribution often develop high phenotypic plasticity as a
survival strategy in the face of disturbances [41]. On the other hand, the high occurrence
frequency of this species across all three facies (U = 53 plots) suggests that it benefits
from high competitive ability in disturbed dune environments, which would explain its
persistence despite the increasing anthropogenic pressures exerted on the site.

Crucianella maritima and Aeluropus littoralis, both classified as threatened, share a
marked stenoecious character for organic matter-poor soils (CF3_OM = 0 for both species)
and total absence from enriched backdunes. This common profile makes them particularly
vulnerable to the progressive enrichment of the dune substrate under the effect of ovine
grazing and organic waste deposits. The definition of pastoral exclusion zones in the
sectors where these species were inventoried would constitute a conservation measure
directly justified by their ecological preferences. However, given their low occurrence
frequencies, these profiles should be interpreted as indicative ecological tendencies rather
than robust habitat characterisations, and their conservation implications would benefit
from confirmation through more extensive surveys along the Moroccan Atlantic coastline.
This vulnerability is compounded by the fact that both species reach their southern Atlantic
distributional limits in this region, making local populations ecologically irreplaceable and
their loss potentially irreversible at the biogeographical scale [42].

Pseudorlaya pumila, a Mediterranean endemic stenoecious for topography (B_Topo = 1.316),
presented an ecological optimum centred on the dune crest (G_Topo = 2.000;
CF2_Topo = 2.600; CF1_Topo and cI3 = 0.200). The precision of its topographic require-
ments means that any morphological modification of the primary dune ridge, through
heavy visitor pressure or tourist infrastructure, is likely to directly affect the populations of
this species. These results argue for precise mapping of P. pumila occurrence zones cross-
referenced with the site’s topographic gradients, in order to direct protection measures
towards the most sensitive sectors.
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Crepis bulbosa, a protected species in Morocco, presented a marked affinity for the pri-
mary foredune (G_Topo = 2.281; CF2_Topo = 1.781; I_Topo = 0.122) and moderate tolerance
with respect to the organic matter gradient (B_OM = 2.467), although its near-total absence
from the most enriched substrates (CF3_OM = 0.739) reflects a sensitivity to advanced
edaphic degradation of the backdune. Its frequent co-occurrence with Ammophila arenaria
and Pseudorlaya pumila within assemblage 2 suggests that conservation measures targeting
the morphological and edaphic preservation of the primary foredune will simultaneously
benefit these three taxa of special status.

4.4. Ecological Behaviour of Introduced Species and Invasion Dynamics

The analysis of the ecological profiles of the six active introduced species reveals two
distinct invasion strategies within the psammophilous flora of the Haouzia SBEI. The first
strategy, illustrated by Mesembryanthemum edule, is based on exceptional euryoecy that
allows the species to colonise the entire dune gradient. This ecological generalist strategy is
characteristic of the most formidable invaders in Mediterranean dune environments [39],
as it confers upon the species the capacity to occupy very different ecological niches and to
resist localised disturbances affecting one or another of the facies.

The second strategy, shared by Lycium intricatum, Acacia cyanophylla, Acacia cyclops, Eu-
calyptus gomphocephala and Oxalis pes-caprae, is that of the disturbed-niche specialist. These
species presented barycentres converging towards the conditions of the enriched backdune
(G_Topo~2.7 to 3.0; G_OM~2.5 to 3.0), defining a common invasion niche associated with
soils of high organic matter content and distal gradient positions. This ecological conver-
gence reflects the facilitating role of substrate organic matter enrichment, itself favoured by
ovine grazing and waste deposits, in the establishment and development of introduced
woody species [43]. The biological facilitation mechanism is particularly well illustrated
here by Acacia cyanophylla, whose decomposition of nitrogen-rich litter progressively en-
riches the sandy substrate, creating conditions favourable to the establishment of other
nitrophilous species such as Urtica dioica, itself native but indicative of degradation.

4.5. Phytoecological Assemblages and Conservation Status of the Dune System

The partition into three phytoecological assemblages validated by the silhouette index
(S = 0.645; j = 3 optimal) and the Calinski-Harabasz index (jump of +62% between j = 2
and j = 3) allows an integrated reading of the conservation status of the Haouzia SBEI,
by comparing the observed dune vegetation structure with the zonation expected in a
functional Atlantic dune system.

Assemblage 1, formed by four characteristic psammophytes (Euphorbia paralias, Agropy-
rum junceum, Polygonum maritimum, Otanthus maritimus), corresponds to the classical zona-
tion of the Atlantic embryonic dune as described by Acosta et al. [8] and Géhu and Biondi [9].
Its composition is consistent with the phytosociological associations of the Euphorbion par-
aliae characteristic of the Moroccan Atlantic coastline [4]. However, its reduction to only
four species, whereas Atlantic embryonic dunes in good conservation status generally com-
prise six to eight [42], constitutes a notable indicator of floristic impoverishment suggesting
advanced degradation of this facies.

Assemblage 2, associating heritage species of the primary foredune (Ammophila are-
naria, Pseudorlaya pumila, Crepis bulbosa) with companion species (Centaurea calcitrapa,
Leontodon saxatilis), still reflects relatively structured vegetation of the dune crest. The
presence of Ammophila arenaria as an active species of this assemblage, although its fre-
quency is modest (U = 16 plots out of 123), attests to the maintenance of a functional
primary foredune in certain sectors of the site. This result converges with the finding of the
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persistence of heritage psammophilous vegetation patches in the least frequented zones of
the SBEI coastal strip.

Assemblage 3 constitutes a concerning signal for the conservation status of the SBEL
Dominated by introduced woody species retained in reforestation works and dune fixation
operations (Lycium intricatum, Acacia cyanophylla, Eucalyptus gomphocephala), herbaceous
species (Oxalis pes-caprae) and nitrophilous species (Urtica dioica), it occupies the condi-
tions of the backdune on enriched soils which should, in an undisturbed functional dune
system, be colonised by native perennial species such as Retama monosperma or Ephedra
fragilis [4,9]. The replacement of these native species by an introduced-dominated as-
semblage reflects the trajectory of regressive succession whose described across heavily
anthropised Mediterranean dune systems [39,43-45], where organic matter enrichment
acts as a biological filter selectively favouring nitrophilous and stress-tolerant exotics over
native stress-adapted specialists. Critically, this trajectory may be self-reinforcing: the
establishment of nitrogen-fixing species such as Acacia cyanophylla further enriches the sub-
strate, progressively excluding the native flora and reducing the likelihood of spontaneous
recovery even if disturbance pressure is reduced [43]. These results reinforce the case for
early intervention through pastoral exclusion and active removal of introduced woody
species before the facilitation cascade reaches irreversibility.

4.6. Methodological Contribution and Limitations

The ecological profile approach adopted provides complementary information to
classical multivariate analyses. Ecological profiles allow assessment, species by species,
of the indicator value with respect to each descriptor separately, providing information
directly applicable to conservation: the optimal conditions of each heritage species, the
invasion niches of introduced species, and the degradation thresholds defined by the
profiles of indicator species. This dual reading, multivariate and species-level univariate,
constitutes a complementary approach whose added value for the management of dune
ecosystems has been highlighted in other studies [24].

A methodological limitation concerns the three-class discretization retained for each
descriptor. While this partition ensures adequate plot counts per class (mean = 41) and
follows the established framework of the ecological profile method [6], it necessarily limits
the resolution of the analysis: species presenting slightly different optima within the same
class are grouped into the same ecological group, which may mask finer preferences. The
adoption of more classes per descriptor, as applied in certain ecological profile studies
on well-documented gradients [6], would refine the barycentres estimates and better
discriminate species with similar preferences, but it would require a proportionally larger
sampling design to maintain adequate plot counts per class.

A more substantial limitation concerns the single-season sampling design. Conducted
in April 2022, the survey captures the spring floristic window but necessarily excludes
summer and autumn therophytes, which are particularly diverse in the backdune facies. For
these species, presence-absence data collected in a single month may generate incomplete
or misleading ecological profiles, as their actual distribution along the dune gradient
could differ from what a multi-season survey would reveal. This limitation is especially
relevant for the interpretation of assemblage 3 in the semi-fixed backdune facies, where
annual species diversity is known to peak outside the spring period. Future studies
should incorporate repeated surveys across at least two contrasting seasons to improve the
robustness of ecological profiles for short-lived taxa. Similarly, incorporating a quantitative
disturbance gradient as an additional descriptor in future studies would substantially
strengthen the causal interpretation of species ecological preferences and assemblage
structure along the coast-inland gradient.
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5. Conclusions

This study provided a quantitative characterisation of psammophilous species ecological
preferences at the Haouzia Bay SBEI, using the ecological profile method. Topographic po-
sition and soil organic matter content were identified as the primary structuring descriptors,
with distance to the tidal fluctuation zone providing complementary information for seven
nearshore-specialist species. Three phytoecological assemblages were delineated and validated,
corresponding to the three functional units of the dune system. The dominance of intermediate
ecological amplitudes and the convergence of introduced species towards enriched backdune
conditions constituted a clear signal of continuous disturbance of this valuable ecosystem, while
the coexistence of stenoecious and euryoecious species within the same dune system remains
an important indicator of its residual functional state. The ecological profiles of heritage species
define environmental conditions directly applicable to conservation management, within the
SBEI Alongside this, the identification of the invasion niches of introduced species, namely a
generalist niche covering the entire dune gradient for Mesembryanthemum edule and a specialised
enriched backdune niche for Acacia cyanophylla, Lycium intricatum and Eucalyptus gomphocephala,
provides precise ecological targets for prioritising control interventions and preventing the ex-
pansion of these taxa towards the least disturbed facies. These results constitute an operational
phytoecological reference framework for the conservation and restoration of this threatened
Atlantic dune ecosystem, and they underscore the urgency of strengthening the protection status
of this site in a context of increasing anthropogenic pressure and biological invasion.
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matter content. Status: Nat = Native; End = Endemic; Prot = Protected; Int = Introduced. Bold values:
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Abbreviations

The following abbreviations are used in this manuscript:

APGIV  Angiosperm phylogeny group IV

B Levins ecological amplitude index

CF Corrected frequency

DTFZ Distance to the tidal fluctuation zone
F1 Facies 1, embryonic dunes

F2 Facies 2, primary foredune

F3 Facies 3, semi-fixed backdune

G Ecological barycentre

H(E) Species entropy

H(L) Descriptor entropy

I(L;E) Species—descriptor mutual information
OM-soil ~ Soil organic matter

SBEI Special biological and ecological interest site
Topo Topographic position descriptor
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