
Mira et al. Fire Ecology           (2026) 22:86  
https://doi.org/10.1186/s42408-026-00520-5

RESEARCH Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Fire Ecology

Fire shifts the structure and dynamics 
of woody plant communities in a Mediterranean 
coastal dune ecosystem
André F. Mira1*, Nagore G. Medina2,3, Sergio Chozas4, Raquel Divieso5, Juan Castro‑Rivadeneyra1, 
Mari Cruz Díaz‑Barradas6† and Joaquín Hortal1,4† 

Abstract 

Background  Coastal dune ecosystems are fragile habitats where vegetation interacts with harsh abiotic conditions, 
making them highly vulnerable to climate-driven disturbances such as wildfire. In 2017, a large fire in Doñana Natural 
Park (SW Spain) provided an opportunity to assess how fire affects woody plant community composition, structure, 
and interactions across a natural coastal–inland gradient. We compared a burnt area (Cuesta Maneli) with an adjacent 
unburnt area (Laguna del Jaral) by applying non-metric multidimensional scaling (NMDS), Mantel tests, and analyses 
of co-occurrence and spatial aggregation.

Results  Species composition in the unburnt area was strongly linked to soil variables and showed clear spatial dif‑
ferentiation along the coastal–inland gradient, reflecting strong abiotic filtering and structured negative interactions. 
In contrast, the burnt area exhibited homogenized community composition across the gradient, with increased spe‑
cies abundance but no significant relationship between soil and species composition, suggesting that fire weakened 
environmental filters. Species co-occurrence patterns also differed: neutral associations dominated in the burnt area, 
whereas negative associations and spatial clustering prevailed in the unburnt area. These results suggest that fire 
reduced competition and increased resource availability, producing a more homogeneous and opportunistic com‑
munity structure. The findings highlight that post-fire community dynamics cannot be explained solely by determin‑
istic filters but also by neutral dynamics that shape community organization and successional pathways.

Conclusion  Fire disturbance reshapes Mediterranean coastal dune plant communities by weakening environmental 
filtering, reducing competitive structuring, and promoting more neutral patterns of species co-occurrence, ultimately 
leading to a more homogeneous community across environmental gradients. Recognizing these shifts advances our 
understanding of woody plant community reorganization after a fire and provides a framework to inform conserva‑
tion and restoration in fire-prone Mediterranean dune systems.

Keywords  Filtering processes, Mediterranean shrub, Community ecology, Species co-occurrence, Spatial organization

†Mari Cruz Díaz-Barradas and Joaquín Hortal contributed equally to/were 
joint senior authors for this work.

The publisher did not copyedit the Portuguese-language abstract.

*Correspondence:
André F. Mira
andrelfmira94@gmail.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42408-026-00520-5&domain=pdf


Page 2 of 13Mira et al. Fire Ecology           (2026) 22:86 

Resumen 

Antecedentes  Los ecosistemas dunares costeros son hábitats frágiles cuya vegetación soporta condiciones abióti‑
cas severas, haciéndolos vulnerables a las perturbaciones producidas por condiciones climáticas adversas, como los 
incendios. En 2017, un gran incendio en el Parque Natural de Doñana (suroeste de España) proporcionó una opor‑
tunidad para estudiar los efectos del fuego sobre la composición, estructura e interacciones de una comunidad de 
plantas leñosas a lo largo del gradiente natural entre la costa y el interior del sistema dunar. Se compararon un área 
quemada (Cuesta Maneli) y un área adyacente no quemada (Laguna del Jaral) mediante la aplicación de un Escalami‑
ento Multidimensional No Métrico (NMDS), tests de Mantel, y análisis de co‑ocurrencia y agregación espacial.

Resultados  La composición de especies en el área no quemada está fuertemente asociada a variables edáficas y 
mostró una clara diferenciación espacial a lo largo del gradiente de la costa hacia el interior, reflejando un fuerte filtro 
abiótico e interacciones negativas espacialmente estructuradas. En contraste, las comunidades en el área quemada 
mostraron una composición más homogénea a lo largo de este gradiente, con un incremento en la abundancia 
de especies, aunque sin relaciones significativas entre las condiciones edáficas y la composición de especies, sugir‑
iendo que el fuego debilitó el efecto de los filtros ambientales. Los patrones de co‑ocurrencia de especies también 
difirieron: asociaciones neutrales predominan en el área quemada, mientras que en el área no quemada prevalecen 
asociaciones negativas y agrupamientos de especies en el espacio. Estos resultados sugieren que el fuego redujo la 
competición e incrementó la disponibilidad de recursos, produciendo una estructura de la comunidad más homo‑
génea y oportunista. Los resultados subrayan que la dinámica de la comunidad después del fuego no se asocia tan 
sólo a filtros determinísticos, sino también a dinámicas neutras que moldean la organización de la comunidad y las 
trayectorias de la sucesión.

Conclusiones  El fuego modifica las comunidades costeras mediterráneas mediante un debilitamiento de los filtros 
ambientales, reduciendo la estructura competitiva, y promoviendo patrones más neutros de co‑ocurrencia de espe‑
cies, favoreciendo una comunidad más homogénea a lo largo de los gradientes ambientales. El reconocimiento de 
estos cambios constituye un avance en la comprensión acerca de cómo se reorganizan las comunidades de leñosas 
después de un incendio, y proporciona un marco de referencia para la conservación y restauración de ecosistemas 
mediterráneos dunares costeros proclives al fuego.

Resumo 

Antecedentes  Os ecossistemas dunares costeiros são habitats frágeis, nos quais a vegetação está exposta a con‑
dições abióticas severas, tornando-a vulnerável a perturbações provocadas por condições climáticas adversas, como 
é o caso dos incêndios. Em 2017, um grande incêndio no Parque Natural de Doñana (sudoeste de Espanha) propor‑
cionou uma oportunidade para examinar como a composição, a estrutura e as interações de uma comunidade de 
plantas lenhosas são afetadas pelo fogo ao longo de um gradiente natural (costa–interior) neste parque. Comparou-
se uma área afetada pelo fogo (Cuesta Maneli) com uma área adjacente não afetada (Laguna del Jaral), através da 
utilização de Escalonamento Multidimensional Não Métrico (NMDS), testes de Mantel e análises de co-ocorrência e 
agregação espacial.

Resultados  A composição de espécies na área não afetada pelo incêndio estava fortemente associada às variáveis 
edáficas e apresentou uma clara diferenciação espacial ao longo do gradiente costa–interior. Esta comunidade exibiu 
também uma forte influência dos fatores abióticos e associações bióticas predominantemente negativas entre 
as plantas. Por outro lado, a área queimada apresentou uma comunidade com uma composição mais homogénea ao 
longo deste gradiente e um aumento significativo da abundância das espécies. No entanto, não foi identificada uma 
relação significativa entre a composição das espécies e as condições edáficas, sugerindo que o fogo reduz a influência 
dos filtros ambientais.

Conclusões  O fogo modifica as comunidades mediterrânicas através da redução da influência dos filtros ambientais, 
o que, por sua vez, diminui a frequência de associações negativas e promove padrões de co-ocorrência mais neutros 
entre as espécies, originando uma comunidade mais homogénea ao longo do gradiente estudado. O reconheci‑
mento destas alterações constitui um avanço no entendimento de como as comunidades de plantas lenhosas se 
reorganizam após um incêndio e proporciona um quadro de referência para apoiar a conservação e a restauração de 
ecossistemas dunares costeiros mediterrânicos vulneráveis ao fogo.
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Background
Coastal dune ecosystems are unique transitional belts 
between terrestrial and marine environments (Carboni 
et al. 2009; Malavasi et al. 2018). These systems are char-
acterized by a distinctive combination of environmental 
constraints, such as high temperature variability, low soil 
fertility, limited water availability, high light intensity, var-
ied geomorphology, sand movement, strong winds, and 
salt spray (McLachlan 1991; Miller et  al. 2010; March-
ante et  al. 2011). Together, these factors create a highly 
dynamic and spatially heterogeneous habitat, forming a 
pronounced coastal–inland gradient. As a result, coastal 
dune vegetation is shaped not only by harsh abiotic con-
ditions but also by the fine-scale spatial variability in the 
distribution of these stressors (Conti et al. 2017).

In addition to these abiotic constraints, vegetation 
and environmental conditions interact reciprocally to 
shape community composition and structure. As plants 
establish, they modify the surrounding environment by 
trapping sand, stabilizing substrates, and altering micro 
environmental conditions (Stallins and Parker 2003; 
Miller et al. 2010). These changes can alter the local con-
ditions in ways that either facilitate or inhibit the estab-
lishment of other species from the regional pool (Miller 
et  al. 2010). As a result, the interplay between environ-
mental filters and vegetation can generate spatially het-
erogeneous mosaics with distinct plant assemblages 
(Stallins 2005; Chozas et  al. 2015). Therefore, under-
standing community structure in coastal dunes requires 
considering both the abiotic filters acting along succes-
sional gradients and the biotic interactions that provide 
feedback on species assembly.

While these unique characteristics shape coastal dune 
communities, they also make them fragile ecosystems, 
highly vulnerable to biodiversity loss (Brown and McLa-
chlan 2002; Defeo et  al. 2009; Shine et  al. 2000). Medi-
terranean coastal dunes present many unique habitats 
of international conservation interest that host highly 
specialized flora and fauna (Janssen et al. 2016; Malavasi 
et al. 2018). Among the disturbances that can affect these 
systems, fire represents a major threat (Keeley et al. 2012). 
Fire can severely change the structure, composition, and 
functioning of ecosystems (Marcos et  al. 2023), directly 
affecting plant growth, survival, and reproduction as 
well as seed and seedling dynamics (Bond and van Wil-
gen 1996b). Mediterranean ecosystems are naturally fire-
prone landscapes characterized by recurrent fire regimes 
(Pausas and Fernández-Muñoz 2012; Turco et  al. 2018). 
As a result, Mediterranean shrub ecosystems are consid-
ered to be fire resilient, which is defined as the capacity of 
a system to return to a pre-fire-like state (Halpern 1988). 
This resilience largely reflects the adaptations of their 
characteristic woody vegetation (Abella and Fornwalt 

2015; Chozas et  al. 2025). In particular, Mediterranean 
shrubs exhibit two main post-fire regeneration strategies, 
including species capable of vegetative resprouting from 
stems or roots (resprouters) and species whose persis-
tence depends on seeds stored in the soil or canopy seed 
bank (seeders, Bond and van Wilgen 1996b; Keeley 2012; 
Parra and Moreno 2017). Such strategies allow these eco-
systems to recover after fire disturbances, maintaining 
relatively similar structure and composition. However, 
not all members of plant communities are able to recover 
after fire. Hence, post-fire recovery trajectories can be 
highly variable, depending on both species-specific traits 
and environmental conditions such as fire intensity, and 
the amount and timing of pre- and post-fire precipita-
tion (Keeley et al. 2012). In recent decades, the increase 
in fire frequency and burnt area in Mediterranean coastal 
dune ecosystems, together with the emergence of highly 
destructive megafires, has further intensified disturbance 
and reduced the capacity of species to recover (Moreno 
et  al. 2023). As a result, communities may follow alter-
native successional pathways, with some shrub species 
failing to regenerate and being replaced by others, ulti-
mately reshaping community composition (Ojeda et  al. 
1996; Fernández-Guisuraga et al. 2023; Salesa et al. 2024; 
Trotta et al. 2024).

The recovery of plant communities after fire has impor-
tant implications for biodiversity, ecosystem functioning, 
and the provision of ecosystem services (Pausas and Kee-
ley 2009; Keeley et al. 2012; Doblas-Miranda et al. 2017). 
Hence, understanding the factors and mechanisms that 
shape vegetation recovery, particularly how species inter-
act along the coastal–inland gradient, can help improve 
restoration strategies in burnt ecosystems (Padilla and 
Pugnaire 2006; Bashirzadeh et  al. 2024). Although sev-
eral studies have examined species interactions in dune 
vegetation, much less is known about how these inter-
actions vary spatially along the coastal–inland gradient. 
This knowledge gap is even larger when considering how 
fire-driven changes may alter interactions within plant 
communities and, ultimately, affect their composition 
and structure. Therefore, examining post-fire recovery 
dynamics can provide important insights into the mecha-
nisms driving community reassembly after a disturbance. 

The objective of this work is to investigate how fire dis-
turbance changes Mediterranean coastal shrub communi-
ties by comparing the composition and structure of woody 
plants 5 years after the fire event in two adjacent coastal 
dune areas of southwestern Spain. The two localities 
were very similar in structure and community composi-
tion until 2017, when one experienced a fire event and the 
other remained unburnt. By burning biomass, fire releases 
nutrients into the soil which can lower competition, fur-
ther enhancing opportunities for plant establishment 
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and growth. Hence, following the colonization–nutri-
ent competition hypothesis (Tilman 1990), we anticipate 
that the burnt area will harbor a higher abundance and 
diversity of opportunistic and fire-adapted species, as the 
fire-induced vegetation gaps and nutrient increases are 
likely to facilitate colonization, seed germination, and/or 
resprouting (Poorter et  al. 2024). Furthermore, for this 
area we also hypothesize that (i) post-disturbance con-
ditions will homogenize species composition along the 
coastal–inland gradient; (ii) species associations will be 
more randomly distributed, reflecting an early succes-
sional stage dominated by opportunistic species where 
interactions are weaker and community assembly is pri-
marily driven by environmental filtering and stochastic 
colonization (Poorter et al. 2024); and (iii) the community 
will be less spatially structured, in contrast to the unburnt 
area, where well-established species interactions maintain 
a more predictable and organized pattern of species dis-
tribution across the landscape.

Methods
Study region
The study areas are located within the same coastal dune 
system of the Doñana Natural Park, southwest Iberian 
Peninsula (Fig.  1), whose extensive area encompasses 
various geomorphological features such as embryonic 
dunes, fossil dunes, and eolian sand sheets, extending 
along approximately 30  km of the Atlantic coast with 
1  km width (Díaz-Barradas et  al. 2023; Chozas et  al. 
2025). The vegetation of this region was composed of an 
extensive pinewood of Pinus pinea L. (especially the more 
interior sections, resulting from afforestation efforts in 
the 1950 s) and some shrub species (Díaz Barradas et al. 
1999; Zunzunegui et al. 2006; Díaz-Barradas et al. 2023; 
Chozas et  al. 2025). However, the 2017 fire affected the 
western portion of the coastal dune system, burning 
over 10,000 ha (more precisely, approximately 8486 ha of 
woodland and shrubland) and causing severe impacts on 
vegetation (Consejería de Medio Ambiente y Ordenación 

Fig. 1  Study area location and sampling design. A Location of the study area within the Iberian Peninsula. B Zoomed view of the area outlined in A; 
the dashed line indicates the boundaries of Doñana Natural Park, as defined in Consejería de Medio Ambiente y Ordenación del Territorio (2016). 
The orange point marks the burnt area (Cuesta Maneli), and the green point marks the unburnt area (Laguna del Jaral). C Satellite image showing 
the location of the sampled zones in the burnt area. D Satellite image showing the location of the sampled zones in the unburnt area. Satellite 
imagery from 2021 was obtained from Google Earth (Google LLC 2026) and processed using QGIS (QGIS Development Team 2025).
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del Territorio 2017). Notably, it led to the near-complete 
removal of Pinus pinea and Juniperus phoenicea L. from 
this part of the landscape.

Following the fire, spring rains in 2018 significantly 
enhanced the establishment of pyrophytic seeder species. 
In particular, Cistus halimifolius L., Cistus salviifolius L., 
and various herbaceous annuals proliferated during this 
period, thereby contributing to the early development 
of the plant community. Likewise, resprouter shrub spe-
cies such as Corema album (L.) D. Don and Osyris lan-
ceolata Hochst. and Steud. recolonized the landscape 
through their regenerative growth capacity. Over time, 
this sequence of colonization led to the emergence of a 
distinct vegetation structure in the burnt western area, 
while the eastern area remains unaffected by recent fire.

Sampling methodology
Sampling was conducted in two sites within Doñana’s 
Natural Park coastal dune system: Cuesta Maneli in the 
west, affected by the fire (herein referred to as the “burnt 
area”), and Laguna del Jaral in the east, which remained 
unaffected (the “unburnt area” herein) (Fig.  1). These 
areas are located 6.5  km apart, share the same climatic 
exposure and sand supply, and had similar community 
composition prior to the fire (see Fig. S1 for photographs 
of the plant community in both areas prior to the fire, 
and Fig. S2 for orthophotographs comparing the areas 
before and after the fire).

In each study area, three 200 m transects were drawn 
along a coastal–inland gradient characterizing three 
zones: a coastal zone 200 m from the shoreline, an inter-
mediate zone 500 m inland, and an interior zone 850 m 
from the shore. Since the burnt area is characterized 
by the noticeable absence of Pinus pinea, to avoid an 
excessive overrepresentation of this species, plots in the 
unburnt area were established (whenever possible) in 
portions of the transect that did not contain dense pine 
woodland (i.e., more open areas). Altogether, 36 sam-
pling plots were established (six per transect). Plot size 
(2 m × 2 m) was selected as an appropriate sampling scale 
for Mediterranean dune vegetation given the small size 
of scrub species in these habitats, where woody seedlings 
and small shrubs occur at relatively fine spatial scales. 
Each plot was subdivided into sixteen (0.5  m × 0.5  m) 
subplots to facilitate accurate counting of individuals and 
to record their spatial positions within the plot. This sub-
division also enabled analyses of species co-occurrence 
and spatial aggregation at a fine spatial scale. Within each 
sampling plot, composite soil samples were collected 
from the four corners and the center of the plot for soil 
element analysis. The burnt area was sampled in January 
2022 and the unburnt area in January 2023. As this study 

focuses on the succession of woody plants after fire and 
given that Mediterranean shrubs can persist and endure 
across several seasons (Keeley 1977; Bond and van Wil-
gen 1996a; Bond and Midgley 2001), the one-year differ-
ence in sampling was not expected to affect community 
structure Moreover, the unburnt area did not experience 
any major disturbance that could have altered its compo-
sition. Previous studies have shown that, in the absence 
of major disturbances, community composition remains 
relatively stable between years in similar ecosystems 
(Chozas et  al. 2015). Therefore, we sampled the burnt 
area first and surveyed the unburnt area in the following 
year, during the same season. This approach allowed us to 
distribute the sampling effort while maintaining compa-
rability between the study areas.

Soil analyses
The collected composite soil samples were air-dried and 
passed through a 2  mm sieve before laboratory analy-
sis. For each sample, we tested: (a) pH: measured using 
water (pH H₂O) and potassium chloride (pH KCl) extrac-
tion; (b) Organic Matter: Quantified as a percentage 
of the total sample; (c) Nitrogen Content: Total nitro-
gen measured using the Kjeldahl method; (d) Avail-
able Phosphorus and Potassium: Analyzed to determine 
the concentrations accessible to plants; (e) Exchange-
able Potassium, Calcium, and Magnesium: Measured to 
assess the nutrient availability; (f ) Carbonates (Bernard 
Method): Carbonate content was determined; (g) Soil 
Texture (Hydrometer Method): Analyzed using a densim-
eter; (h) Active Lime: Determined to assess the presence 
of active calcium carbonate; (i) Nitrate and Ammonium: 
Extracted using KCl and analyzed; (j) Total Nutrients and 
Micronutrients: Assessed using ICP-OES and ICP-MS 
for a broad spectrum of elements; (k) Available Micro-
nutrients (EDTA Extraction): Analyzed using ICP-OES; 
(l) Electrical Conductivity (EC). All the above analyses 
were performed at the Institute of Natural Resources and 
Agrobiology of Seville (IRNAS)

Data analyses
Woody plant species community composition
To study the effect of spatial distance and soil variables 
on the composition of woody species, we used a Multi-
variate Mantel test (Mantel 1967; Legendre 2000), using 
the “mantel” function of the “vegan” R package (Oksanen 
et  al. 2022). Three data matrices were created for each 
sampling area: (1) Abundance Matrix: containing Bray–
Curtis dissimilarity indices computed for woody plant 
abundance within plots (Bray and Curtis 1957; De Cac-
eres et  al. 2013); (2) Geographical Matrix: plot coor-
dinates (longitude and latitude measured at the center 
of each plot) were converted into distance matrices 
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using the Haversine formula (Sinnott 1984); and (3) Soil 
Matrix: in which Euclidean distances were calculated 
from scaled soil variables (Gauch Jr 1973). To explore the 
relationships among the measured soil variables, a Prin-
cipal Component Analysis (PCA) was performed on the 
standardized (mean-centered and scaled to unit variance) 
soil variables (Dray et al. 2012). For more information on 
the PCA results, see Table S1 and Fig. S3. The PCA was 
conducted using the “rda” function of the “vegan” R pack-
age (Oksanen et al. 2022).

Additionally, a Non-Metric Multidimensional Scaling 
(NMDS) analysis was performed to explore the patterns 
in woody plant species composition across the sampling 
plots (McCune and Grace 2002). The analysis was con-
ducted using the “MetaMDS” function from the “vegan” 
R package. To assess the relationship between commu-
nity composition and environmental conditions, the soil 
PCA axes (summarizing variation in soil variables), as 
well as area and zone, were fitted onto the NMDS ordina-
tion using the “envfit” function with 1000 permutations. 
Lastly, to identify the species associated with an area or 
zone an indicator species analysis was conducted using 
the “multipatt” function from the “indicspecies” package 
in R (De Cáceres and Legendre 2009).

To assess the effects of fire and zone on woody individ-
ual abundance and species richness, we fitted generalized 
linear models (from the “stat” package in R) using area 
(burnt vs. unburnt) and zone as explanatory variables. 
Zone was included as a numerical predictor because it 
represents an ordered coastal–inland gradient (coastal, 
intermediate, interior). Both response variables corre-
spond to count data; therefore, generalized linear mod-
els were fitted using a Poisson error distribution with a 
log link function. Model adequacy was assessed through 
residual diagnostics, which indicated an appropriate fit 
and no evident violations of model assumptions. The sig-
nificance of the explanatory variables was assessed using 
likelihood ratio tests based on the analysis of deviance.

Spatial structure of woody plant community
To study the spatial organization of the woody plant 
community, we built a presence-absence “area x spe-
cies” matrix, and analyzed species co-occurrence using 
the “EcoSim” package (Gotelli et  al. 2015). We applied 
the SIM9 randomization algorithm (Gotelli 2000), which 
preserves both species frequencies and area richness, to 
compare the observed C-score checkerboard index with 
those from 30,000 randomized matrices. A C-score sig-
nificantly higher than expected under the null model 
implies that species co-occur less often than expected by 
chance, suggesting spatial segregation potentially driven 
by negative interactions such as competition (but see 
Blanchet et  al. 2020; Keil et  al. 2021). While a C-score 

significantly lower than expected implies that species co-
occur more often than random, suggesting positive asso-
ciations between species. Lastly, a C-score that does not 
differ from the simulated one suggests that species co-
occur by chance.

To better understand the spatial structure of the stud-
ied communities, a co-occurrence network was devel-
oped to analyze the organization of woody plant species 
across different zones. This was done by applying the 
ratio index of adjacency (using the “get_network” func-
tion from the “asnipe” R package; Farine 2013), which 
gauges the strength of association between species pairs. 
Afterwards, based on the co-occurrence network, we 
applied the Louvain algorithm (Blondel et  al. 2008) to 
identify modules of interacting species and assess the 
strength of the community structure. This process was 
repeated for each area to understand how fire affected 
community structure. The co-occurrence networks were 
created using the “igraph” package in R (Csardi et  al. 
2026).

All statistical analyses were performed using R 4.3.1 (R 
Core Team 2023).

Results
Drivers of community composition
The Mantel test identified the main relationships 
between woody species turnover (i.e., compositional dis-
similarity), geographic location, and soil variables across 
sampling areas (Fig. 2). In the burnt area, compositional 
dissimilarity showed a significant positive correlation 
with geographic distance (Mantel’s R = 0.26, p = 0.006), 
while no significant correlation with the variation in soil 
conditions was observed (Mantel’s R = 0.03, p = 0.39). In 
contrast, in the unburnt area, dissimilarity was strongly 
and positively correlated with both geographic distance 
(Mantel’s R = 0.50, p = 0.0002) and soil variables (Mantel’s 
R = 0.35, p = 0.004).

The main variation in species composition was cap-
tured by the first axis of the NMDS ordination (Fig.  3), 
identifying a gradient of soil development that discrimi-
nates between plots with higher organic matter content 
and finer soil particle sizes (positive values) and those 
characterized by lower organic matter content and 
coarser soil particles (negative values). Interestingly, plots 
in the burnt area were grouped around the central area 
of the NMDS plot, without any clear distinction among 
them, albeit presenting a higher dominance of Cistus cal-
ycinus and Corema album in the coastal zone plots. On 
the other hand, the unburnt area plots present a more 
prominent division along the gradient, with coastal and 
intermediate zone plots presenting poor soils domi-
nated by C. album and Stauracanthus genistoides, while 
the interior zone plots present richer soils dominated 
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by Daphne gnidium, Lavandula stoechas and Salvia ros-
marinus. Three groups of species can be discriminated 
along Axis 1: Corema album and Stauracanthus genis-
toides dominate the coastal plots of both sampling areas, 
as well as the intermediate plots of the unburnt area; C. 
calycinus, Cistus salviifolius and Cistus halimifolius form 
a transitional group located near the center of the first 
NMDS axis; and the remaining seven species (Osyris 
lanceolata, Salvia rosmarinus, Cytisus grandiflorus, D. 
gnidium, L. stoechas, Pinus pinea, and Juniperus phoeni-
cea) form a third group, primarily corresponding to more 
mature communities located in unburnt interior plots 
with more developed soils.

These community responses are corroborated by the 
indicator species analysis (Table  S2). When grouped by 
area, C. halimifolius was strongly associated with the 
burnt area (IndVal = 0.898, p-value = 0.001). Addition-
ally, L. stoechas was also significantly associated with the 
unburnt area (IndVal = 0.527; p-value of 0.046). In the 
analysis grouped by zone, L. stoechas also demonstrated 
a significant association with the interior zone (Ind-
Val = 0.563, p-value = 0.024).

The generalized linear models revealed a significant 
effect of area on woody individual abundance, with 
higher abundances recorded in the burnt area compared 
to the unburnt area (Table 1). Zone also had a significant 

effect on abundance, indicating variation in woody indi-
vidual density along the coastal–inland gradient. The 
interaction between area and zone was not statistically 
significant, although it showed a marginal trend, sug-
gesting that the effect of zone may differ slightly between 
burnt and unburnt areas. In contrast, the general lin-
ear model assessing woody species richness did not 
detect significant effects of area, zone, or their interac-
tion (Table 2). However, zone showed a marginal trend, 
indicating a possible increase in species richness toward 
intermediate or interior zones.

Spatial structure of species co‑occurrence
The observed C-score at the burnt area (6.54) fell within 
the 95% confidence interval of the simulated scores 
(mean = 6.34, 95% CI = 5.86 to 7.04, SES = 0.64), suggesting 
random co-occurrence patterns among woody species. In 
contrast, in the unburnt area, the observed C-score (9.83) 
exceeded both the mean simulated score (0.07) and the 
upper 95% confidence interval (8.71 to 9.56, SES = 3.56), 
indicating non-random co-occurrence with repulsion 
being the dominant pattern among species (check Fig. S4).

The modularity analysis with the 11 woody species 
sampled in the burnt and unburnt areas revealed nota-
ble differences in plant community structure (Fig. 4). The 

Fig. 2  The figure presents the relationship between woody species turnover (i.e., compositional dissimilarity) and the two studied factors: 
geographic distance (top row) and variation in soil composition (bottom row) across the two sampling areas, in the burnt area (left column 
and in orange circles) and in the unburnt area (right column and in green triangles)
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results of this analysis were consistent for each sampling 
area throughout the three zones. For instance, in the burnt 
area, all co-occurrence networks indicate the absence of 
internal species clustering, and present modularity values 

of 0 (or near 0, in the case of the intermediate zone). How-
ever, in the unburnt area, all networks present higher lev-
els of modularity, suggesting a more defined community 
structure.

Fig. 3  Axes 1 and 2 of the two-dimensional Non-Metric Multidimensional Scaling (NMDS) of sampling plots based on plant species cover (final 
stress 16.5%). Circles represent plots in burnt areas and triangles plots in unburnt areas. Colours reflect location: white for coastal zone plots, grey 
for intermediate zone plots, and black for interior plots. Arrows indicate the main environmental gradients identified through correlation analysis. 
Species codes are as follows: Cal—Corema album; Cca—Cistus calycinus; Cgr—Cytisus grandifloras; Cha—Cistus halimifolius; Csa—Cistus salviifolius; 
Dgn—Daphne gnidium; Jph—Juniperus phoenicea; Lst—Lavandula stoechas; Ola—Osyris lanceolata; Ppi—Pinus pinea; Sge—Stauracanthus 
genistoides; and Sro—Salvia Rosmarinus 

Table 1  Analysis of deviance results assessing the effects of area, zone, and their interaction on woody individual abundance

Factor Df Deviance Residual Df Residual Dev Pr(> Chi) Sig

Area 1 151.33 34 286.76  <0.001 ***
Zone 1 31.40 33 155.37  <0.001 ***
Area:zone 1 3.30 32 252.07 0.07

Table 2  Analysis of deviance results assessing the effects of area, zone, and their interaction on woody species richness

Factor Df Deviance Residual Df Residual Dev Pr(> Chi) Sig

Area 1 0.85 34 23.72 0.36

Zone 1 3.41 33 20.31 0.06

Area:zone 1 0.47 32 19.84 0.49
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Discussion
Our results reveal how fire disturbance affects the core 
dynamics of a community of dune woody plants. In the 
unburnt area (Laguna del Jaral), species composition is 

strongly influenced by the coast-to-inland gradient and soil 
variables, with well-structured communities shaped by deter-
ministic. In contrast, the burnt area (Cuesta Maneli) exhibits 
more homogeneous species composition across the gradient, 

Fig. 4  Co-occurrence networks of the woody plant communities across the three sampling zones in the burnt area (orange) and the unburnt area 
(green). The network diagrams include nodes (which represent species) connected by lines which represent their co-occurrence (i.e., probability 
of being present in the same plot). The thickness of the lines indicates the frequency of co-occurrence and the arrangement of species within each 
outlined colored section illustrates their modular grouping as determined by the Louvain method. Species codes as in Fig. 3
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with greater overall abundance and no differences in species’ 
richness. Species in the burnt area co-occur randomly, sug-
gesting that neutral interactions are more common there, 
while unburnt areas display structured patterns dominated 
by negative spatial associations, suggesting a stronger effect of 
competition. This supports the idea that fire reduces compet-
itive pressures, creating conditions that favor neutral interac-
tions during early successional stages (Verdú et al. 2009).

Community composition and abundance following the fire
One of the most evident effects of the fire was the wide-
spread disappearance of Pinus pinea and Juniperus 
phoenicea (MCD-B, personal observations). However, 
it is important to note that the absence of P. pinea was 
not captured in our dataset because the transects were 
deliberately established in more open dune areas, con-
sequently their fire-induced loss falls outside the scope 
of our sampling design. Furthermore, the lack of natural 
recruitment of Juniperus in the burnt area may reflect its 
vulnerability to fire and reduced reproductive capacity 
following a fire disturbance (Alcahud et al. 1997; Cama-
rero et al. 2022), potentially explaining its low representa-
tion in our sampling.

Beyond these species, fire appears to have altered com-
munity composition along the coastal–inland gradient, 
reflecting fire-induced changes in soil conditions. In the 
unburnt area, significant spatial turnover indicates a 
structured community across this gradient. This pattern 
is likely generated by local environmental variation, as 
evidenced by the correlation between soil dissimilarity 
and species composition. Such relationship is consistent 
with the well-established role of environmental gradients 
in driving zonation patterns in coastal plant communities 
(Alvarez-Cansino et  al. 2012; Chozas et  al. 2015, 2017; 
Díaz-Borrego et al. 2024; Jené et al. 2024). In contrast, fire 
appears to have reduced soil heterogeneity in the burnt 
area, likely through the homogenization of nutrients and 
alterations to microtopography, thereby weakening soil-
driven environmental gradients (Giovannini et  al. 2001; 
Sankey et al. 2012; Pereira et al. 2018). This interpretation 
is supported by the absence of a correlation between soil 
dissimilarity and species composition in the burnt area 
(a pattern also reported in previous studies, e.g., Sankey 
et al. 2012; Fernández-García et al. 2021) as well as by the 
lack of clear separation among zones along gradients of 
soil texture and organic matter.

The apparent lack of separation between zones in the 
burnt area may also be explained by the effects of fire on 
species abundance. Beyond its homogenizing influence, fire 
can enrich soil nutrient content through the production of 
ash, leading to increases in soil organic matter, pH, electri-
cal conductivity, and several elements essential for plant 
growth, such as carbon, calcium, magnesium, sodium, and 

nitrogen (Pereira et al. 2018). Under these conditions, and 
given the space created by fire, negative interactions do not 
appear to be a primary driver of community composition, 
thereby reducing species turnover. Rather, the species that 
are able to establish under the existing abiotic conditions 
may even benefit from positive interactions such as facilita-
tion (Chozas et al. 2025). This pattern is consistent with the 
strong association of Cistus halimifolium with the burnt 
area, likely driven by the massive post-fire germination of 
Cistus species (including C. halimifolium and C. salviifo-
lius) following the fire. In contrast, the weaker association 
of Lavandula stoechas with the unburnt area may reflect 
greater environmental heterogeneity, suggesting a more 
variable community composition.

The observed patterns are consistent with established 
frameworks of post-disturbance community assem-
bly. For instance, Egler’s Initial Floristic Composition 
hypothesis (Egler 1954) proposes that post-fire commu-
nity recovery may be largely driven by the species present 
immediately after disturbance, with their initial establish-
ment exerting a lasting influence on community organi-
zation. This aligns with priority effects, whereby the 
order of arrival (rather than strong ongoing interactions) 
determines community composition through the availa-
bility of resources and space (Fukami 2015). Alternatively, 
stochastic colonization and dispersal limitation may play 
a dominant role in early succession, where community 
assembly reflects chance arrival events rather than deter-
ministic environmental filtering.

Spatial organization of the shrub community
Fire appears to have reduced the structural complexity 
of the shrub community in the burnt area by disrupting 
the coastal–inland gradient, redistributing nutrients, and 
creating vacant ecological space (further amplified by the 
absence of P. pinea). Such changes likely weakened envi-
ronmental constraints and relaxed competitive pressures, 
enabling existing woody species to expand into spaces that 
previously limited their occurrence. For instance, seeder 
species (particularly those of the genus Cistus) rapidly 
exploited these newly available resources and space, hav-
ing their recruitment further enhanced by heat-triggered 
germination of hard-coated seeds (Santana et al. 2012).

Consequently, community organization at this stage 
may be more strongly influenced by neutral processes, 
such as stochastic dispersal or environmental variabil-
ity that affect species in similar ways. This pattern is 
reflected in the absence of internal clustering among 
woody species in the burnt area, indicating a diffuse 
community structure with weak or absent species asso-
ciations, which is typical of Mediterranean vegetation 
during early stages of post-fire recovery (<15  years, 
Santana et al. 2012; Ortega et al. 2025). In contrast, the 
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unburnt area shows stronger spatial and environmen-
tal structuring. Pronounced environmental gradients 
likely reinforce niche differentiation, promoting com-
petitive interactions that are reflected in co-occurrence 
patterns dominated by species segregation. These con-
trasting patterns support the view that fire can act as 
a resetting disturbance, temporarily reducing competi-
tive pressures and allowing species to co-occur more 
readily (Bond and van Wilgen 1996b; Pausas and Keeley 
2009). What makes this finding particularly compel-
ling is that the burnt and unburnt areas share largely 
the same woody species pool. Therefore, the observed 
shift (from negative spatial associations in the unburnt 
area to random patterns in the burnt area) represents 
a change in the nature of interactions among the same 
species, rather than a consequence of species turnover 
(also suggesting that the community may be in an early 
transitional stage, see also Chozas et al. 2025). Fire, in 
this context, does not merely alter community com-
position; it reconfigures the ecological rules by which 
coexisting species interact, shifting the balance from 
competition-driven assembly toward more neutral 
dynamics. This context-dependent flexibility of species 
interactions is an underexplored dimension of post-fire 
succession and offers a novel perspective on how dis-
turbance mediates community assembly.

Conclusion
Our results show that fire can significantly alter woody 
plant communities in coastal dune ecosystems by 
homogenizing species composition and shifting com-
munity assembly processes. The burnt community 
appears to be in an early transitional stage, where neu-
tral processes may temporarily dominate before com-
petitive dynamics become more influential over time. 
Notably, the same species that form a spatially struc-
tured community characterized by repulsive inter-
actions in the unburnt area instead form a diffuse 
community with no evidence of negative associations 
after fire. The reorganization of woody plant commu-
nities following fire is likely shaped by several factors, 
including species-specific traits such as dispersal abil-
ity, survival strategies, and regeneration modes.

From a management and conservation perspective, 
the absence of Pinus pinea has created open space 
that may facilitate the recovery of native dune vegeta-
tion. However, as fire disturbances generate windows 
of opportunity for plant establishment, they may also 
promote the uncontrolled proliferation of certain spe-
cies or even enable the establishment of species previ-
ously absent from the community. Hence, monitoring 
post-fire recovery is essential to detect shifts in vegeta-
tion composition and structure, particularly during the 

early stages of succession when colonization processes 
are most active, to prevent excessive dominance and to 
reduce the risk of future fires.
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