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Abstract

Aims. Rapid revegetation of burnt forest is essential for recovering ecosystem functioning,
especially in the context of climate-change driven shifts in fire regime. This study aims to
provide a comprehensive understanding of how abiotic factors (topography, fire behaviour)
and biotic factors (pre-fire forest characteristics, plant reproductive strategies, land-use
trajectories) influence the recovery of Pinus halepensis forests, identifying regeneration

vulnerabilities that could inform management practices.

Location. A P. halepensis forest burnt in 2019 (4000 ha) in NE Iberian Peninsula.
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Methods. We established 72 sampling sites within the burnt forest, covering gradients of pre-
fire canopy cover, topography, fire severity and land-use history. At each site, we recorded
the abundance of P. halepensis seedlings within a 100 m? plot. We also conducted a floristic
inventory of all associated woody species along two parallel 20 m transects to assess woody
species cover, richness and distribution. Woody species were classified based on their post-
fire reproductive strategies (obligate seeding, facultative resprouting and resprouting) to
explore the relationship between functional characteristics and plant distribution along the

studied gradients.

Results. Northern exposures enhanced the abundance of P. halepensis, whereas coexisting
woody species cover was higher on southern ones, probably due to the contribution of
obligate seeders, as fire-responsive reproductive traits vary along the north-south gradient.
Pre-fire canopy cover boosted pine regeneration and species richness, while high fire severity
reduced both cover and richness of woody species, likely due to damage of reproductive

structures.

Conclusions. We show that the drivers of post-fire regeneration influence in different and
even divergent ways the vegetation components considered (canopy and shrub layer), as in
the case of aspect. From a management perspective, post-fire forest interventions should be
tailored to restoration objectives and to the post-fire vegetation communities that better

respond to them.

Keywords: forest fires, regeneration, fire severity, woody vegetation cover, fire-responsive

reproductive traits, land-use history, Mediterranean
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Introduction

Wildfires are major disturbances that significantly impact the distribution, functioning and
dynamics of Mediterranean forest ecosystems (Scott, 2000; Blondel, 2006). In the
Mediterranean basin, the wildfire regime results from the interaction between weather
conditions, fuel availability and anthropogenic activity, which often drives ignition (Fréjaville
& Curt, 2017) while influencing also fuel availability through modification of landscape
vegetation patterns (Moreira et al., 2011). While Mediterranean forests have the capacity to
recover after stand-replacing fires due to their adaptive reproductive strategies and a
tolerance to adverse conditions (Vallejo, Arianoutsou and Moreira, 2012), in the last decades
both climate and land cover change have intensified the fire regime by increasing the number,
frequency, intensity and extent of wildfires (San-Miguel-Ayanz et al., 2012; Turco et al., 2018;
Ruffault et al., 2020). In this context, rapid vegetation recovery is crucial for the long-term

stability and functionality of forest ecosystems after a fire (Moya et al., 2018).

Post-fire vegetation recovery is modulated by a complex interplay of abiotic and biotic factors.
Among abiotic factors, post-fire climatic conditions and topography (aspect and slope)
contribute to spatio-temporal variation of vegetation by controlling water availability for
plants (Keeley & Keeley, 1981; Martin-Alcén & Coll, 2016). Moisture rich north-facing slopes
tend to exhibit higher post-fire vegetation recovery compared to drier south-facing ones
(Pausas et al., 1999; Buhk et al., 2006; Ireland & Petropoulos, 2015), as water scarcity and
drought-duration have been identified as key factors inhibiting post-fire recovery across a wide
range of Mediterranean burnt forests (Blanco-Rodriguez et al., 2023). Simultaneously, flat
slopes and valley bottoms often show higher post-fire vegetation recovery due to deeper soils

and greater accumulation of seeds and nutrients from the hillsides (Tsitsoni, 1997).
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Fire severity also influences the recovery of Mediterranean post-fire plant communities,
although its effects on forest structure and competition are variable (DeRose & Long, 2014).
Some studies report a lower and/or slower recovery of vegetation after high severity fires
(Ireland & Petropoulos, 2015; Viana-Soto, Aguado and Martinez, 2017; Fernandez-Garcia et
al., 2019). This is in part attributed to the fact that high-severity burning, which is related to
high fire intensity and/or prolonged residence time (Certini, 2005), can lead to the destruction
of seeds (both in soil and aerial seedbanks) or resprouting stumps, thereby inhibiting
regeneration dynamics by reducing the availability of reproductive structures (Keeley et al.,
2011; Fernandez-Garcia et al., 2019). In addition, fire severity significantly affects the physical,
chemical and biological properties of soils, directly impacting plant regeneration (Certini,
2005; Romeo et al., 2020). For instance, high fire severity can result in the loss of most
superficial organic matter, nutrient leaching, reduced soil structural complexity and can cause
substantial changes in soil microbiota and invertebrate communities. Although ash deposition
can cause a transient increase in nutrient availability (Caon et al., 2014), it also forms an
impermeable layer that reduces water infiltration, thus increasing erosion risk (Certini, 2005).
In contrast, other works have found positive effects of fire severity on post-fire revegetation,
by reducing competition for resources (light, nutrients, and water), creating a “window of
opportunity” for plant species colonization (Lavorel et al., 1994; Romeo et al., 2020).
Additionally, low to intermediate fire severity can stimulate seed release and germination in
some species or enhance sprouting vigour in others (Bond & van Wilgen, 1996; Naveh, 2007),
while also promoting nutrient increase in soil that can facilitate plant regeneration (Romeo et

al., 2020).

Vegetation recovery is also mediated by fire-responsive reproductive traits in Mediterranean

plants, such as resprouting from fire-resistant structures (Lépez-Soria & Castell, 1992), or fire-
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induced seed release and germination from soil and canopy seed banks (Noble & Slatyer,
1980; Pausas et al., 2004a; Santana, Alday and Baeza, 2014). In this regard, morphological and
physiological differences exist between obligate seeders and resprouters, with seeders
generally being more drought-tolerant (Arnan, Rodrigo and Retana, 2007). As a result, plant
reproductive strategies can reflect species distribution along environmental gradients and
influence regeneration patterns therein. Besides, a well-developed forest structure positively
influences plant regeneration, as the presence of adult plants prior to the fire determines the
variety and availability of post-fire reproductive structures (Broncano & Retana, 2004; Martin-

Alcon & Coll, 2016; Guz, Gill and Kulakowski 2021).

Finally, past land-uses determine the structure and composition of forest vegetation (Lloret &
Vila, 2003; Vila-Cabrera et al., 2023). Thus, land-use legacies can play important roles in plant
regeneration after fires. Long-established forest areas generally promote greater plant
recovery compared to more recent ones (Walck et al., 2011; Puerta-Pifiero et al., 2012), but
the role of land-use legacies in post-fire dynamics has yet to be fully explored. In fact, higher
species richness could be found in abandoned crops due to the presence of early and
intermediate successional species, as well as persistent species from old fields (Kouba et al.,
2015), which could contribute to a faster post-fire vegetation recovery. Land-use trajectories
are especially important in the Mediterranean basin, as socio-economical changes lead to

wide-spread abandonment of agricultural fields since the 19 century (Lasanta et al., 2017).

Covering more than 2 million hectares (Quézel, 2000; Girard et al., 2012), the Aleppo pine
(Pinus halepensis Mill.) is a dominant tree species of thermo- and meso-Mediterranean forests
(Aranbarri et al.,, 2020). It is typically associated with xero-thermophilous shrubs, often

forming dense, fire-prone forests that are recurrently studied by fire and plant ecologists, as
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they present fire-responsive traits at both the species and community level. The Aleppo pine
exhibits a set of fire-embracing traits at the vegetative and reproductive level (sensu Keeley,
2012). On the vegetative side, it does not self-prune dead branches, thereby promoting the
spread of fire to the canopy. Additionally, its thin bark exposes the cambium to high
temperatures during fire (Keeley, 2012). In terms of reproductive traits, the Aleppo pine is a
partially serotinous obligate seeders, producing both regular and serotinous cones. While
regular cones release seeds at maturity promoting the colonisation of open areas, serotinous
cones remain sealed in the canopy, creating an aerial seedbank until heat triggers their
opening (Daskalakou & Thanos, 1996). Serotinous cones protect the seeds from burning and
ensure abundant seed release after fire, fostering post-fire autosuccessional dynamics (Moya
et al., 2008). The shrubs associated with Aleppo pine form a dense layer beneath the canopy,
creating fuel continuity between the dry lower branches and the canopies, increasing the
likelihood of stand-replacing fires (Keeley, 2012). Considering their circum-Mediterranean
extension and their fire-responsive characteristics, Aleppo pine forests are an excellent study
system for evaluating post-fire regeneration dynamics. Despite substantial research over the
past decades on post-fire dynamics of these Mediterranean forests (Daskalakou & Thanos,
1996; Retana et al., 2002; Marzano, Lingua and Garbarino, 2012; Martin-Alcén & Coll, 2016;
Nolan et al., 2021; among others), there is still a lack of integrative field-based studies of plant
recovery, particularly at the community level, limiting our understanding of regeneration
vulnerabilities. This study aims to disentangle the effects of abiotic and biotic factors,
including land-use legacies, on the post-fire vegetation recovery of forests dominated by the

Aleppo pine.

Specifically, we assess the role of local topography, pre-fire canopy cover, fire severity and

land-use history (i) on the abundance of pine seedlings; and (ii) on the cover and richness of
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coexisting woody vegetation. Moreover, (iii) we analyse how these factors influence the
distribution of woody species according to their preferred post-fire reproductive strategy, to

disentangle their distinct roles in post-fire community assembly.

We hypothesize that the post-fire regeneration of both Aleppo pine (in terms of seedlings
abundance) and woody vegetation (species cover and richness) would be enhanced in
northern exposures (subjected to less evaporative demand), flatter slopes (with deeper soils),
in areas with a higher canopy cover prior to fire and in long-established forests (with a more
developed species composition and a higher variety and abundance of reproductive
structures). Additionally, we also expect higher fire severities to reduce pine seedlings
abundance and species cover and richness, regardless of the effect of other conditions, due
to their disruptive effect on reproductive organs. Overall, our study may contribute to a better
understanding of the short-term drivers of post-fire plant recovery, which could contribute to
the identification of sites where regeneration might be constrained, and restoration efforts

might be needed.



152

153

154

155

156

157

158

159

160

161

162

Methods

Study area and fire characteristics

The study comprised a large area affected by a wildfire in the Ribera d’Ebre region (North-
east Iberian Peninsula in the western Mediterranean basin, Fig. 1) that took place by the end
of June 2019 and burned about 4,000 ha of forests and 1,000 ha of agricultural lands. Before
the fire, the area was mainly covered by Aleppo pine woodlands, interspersed with olive and
almond cultures, and rainfed crops (mainly wheat). The area represented a typical
Mediterranean agro-forest mosaic (Marull et al., 2015), although rural abandonment led to
forest encroachment processes in terraces and former fields (Lloret et al., 2002). Most of the
forested area is privately owned and had not been managed prior to fire, probably due to the

low economic value of the Aleppo pine.

Legend
® Sampling sites

- Wildfire
perimeter

Fig. 1. Burnt area and position of sampling site within the wildfire perimeter (left). Localisation of
the wildfire in central-western Mediterranean basin (top right). Picture of the regenerating forest
during fieldwork (bottom right). The base maps were built using the Shaded Relief (left) and Gray
Earth (right) rasters, available freely at naturalearthdata.com.
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The study area belongs to the cold semi-arid climate (“Bsk”), in the upper meso-
Mediterranean bioclimatic belt (Kottek et al., 2006). The annual mean temperature is 16.5 2C,
and the average yearly precipitation is 379 mm, most of which occurs during the spring and
autumn (March, April, October, and November), as calculated from a 15-year time series (data
from Vinebre weather station of the Meteorological Service of Catalonia). The months of July
and August have the lowest annual rainfall. Soil types are mainly calcaric leptic cambisols and
calcaric regosols from conglomerates weathered in glacis and in the soft slopes of the Ebre
river Basin (ICGC, 2022). The forest was dominated by P. halepensis prior to fire, with Quercus
coccifera L. (Kermes oak), Pistacia lentiscus L. (Mastic tree), Rhamnus lycioides L. (Black
hawthorn), Salvia rosmarinus Spenn. (Rosemary), Genista scorpius (L.) DC., Erica multiflora L.,
Cistus clusii Dunal, and Brachypodium retusum (Pers.) P.Beauv. in the understory, and with
the presence of Cytisus fontanesii Spach ex Ball and Diplotaxis erucoides (L.) DC. (GeoVeg,

2014).

Sampling sites selection

Prior to fieldwork, we used a remote-sensing-based random sampling to select sites based on
fire severity, pre-fire canopy cover and terrain aspect. Within the wildfire perimeter, we first
selected the burnt area dominated by Aleppo pine before the fire, according to the
information provided by the Spanish Forestry Map 1:50.000 (MITECO, 2006). Within this area,
three fire severity classes were derived from the analysis of Sentinel-2 imagery (resolution 20
m), using delta Normalized Burnt Ratio (dNBR), a widely used fire severity index (Miller &
Thode, 2007; Fernandez-Garcia et al., 2019; Sivrikaya & Demirel, 2025), calculated following
Key & Benson (2006). After creating a dNBR-based fire severity map (image processing details

in Appendix 1), we classified each pixel according to 3 categories of dNBR: low severity (dNBR
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values from 100 to 269), medium-low severity (270 to 439), and medium-high severity (440
to 659) (Key & Benson, 2006). We then defined pre-fire canopy cover classes (PCC) of the
study area at a resolution of 20 m, based on data provided in the Map of Biophysical Variables
of Wooded Forest Areas of Catalonia (ICGC, 2017): low (PCC<30 %), medium (30% < PCC <
60%), and high (PCC > 60%). Finally, we classified the study area into two aspect categories
from a 2-m resolution digital elevation model (DEM): northern (from 2252 to 452) and non-
northern exposures (from 452 to 2252). Sampling sites for performing fieldwork were defined
by randomly locating 4 points within each combination of factors (three fire severities x three
PCC x two aspect classes) using GIS tools (ArcMap® software by Esri, version 10.4.1), totalling

72 sites within the wildfire perimeter.

Post-fire regeneration measurements and variable calculations

Field surveys were conducted between April and May 2021, less than two years after the fire.
At each sampling site we established a 10 m x 10 m square plot and two linear transects of 20
m, set up along the two edges of the plot, one following the slope of the area. Transect were
extended beyond the plot edges to fully capture site-level species richness and diversity in
the context of sparse post-fire regeneration, and to provide a more accurate measurement
of plant coverage, allowing comparison between small seeding species and resprouting
species with an extensive cover. Within the square plots, we counted all living Aleppo pine
seedlings regenerating after the fire (hereafter, pine abundance), while a plant species
floristic inventory was carried out along the transects. We refer to regenerating individuals of
Aleppo pine as seedlings based on an age (< 2 years old individuals, see Gémez-Aparicio, 2008)
and a height criterion (< 100 cm). The maximum plant height recorded for P. halepensis in the

area during fieldwork was of 58 cm (unpublished data), that stays within one of the suggested
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thresholds for a general seedling definition (Martini, 2024). For the floristic inventory, we
identified and measured the width of all woody plant species and the overall herbaceous layer
intercepting the transects. Here, the basal cover percentage of woody and overall herbaceous
species cover was calculated following the “Line Intercept method” (Canfield, 1941; Bonham,
2013). Species richness of each site was calculated as the number of woody species surveyed.

Plant nomenclature was standardised following World Flora Online (WFO, 2024).

The woody species recorded in the floristic inventories were classified according to their fire-
adaptive reproductive traits (i.e. post-fire resprouting ability and/or post-fire seedling
emergence) into three different groups based on information provided in the BROT 2.0
database (Tavsanoglu & Pausas, 2018): obligate seeders, resprouters, and facultative
resprouters. We considered as facultative resprouters those species theoretically capable of
regenerating by both sexual and vegetative reproduction, although most facultative
resprouters in the study area (mainly Fabaceae, Cistaceae and Lamiaceae) act like seeders

after a fire (Verdu, 2000).

To quantify physiographic variables, we recorded in the field the slope (%) and aspect (2) for
each plot, using a vertex (VERTEX 5, Haglof, Sweden) and a compass (Suunto KB-14/360,
SUUNTO, Finland) respectively. Aspect measurements were converted into a Northness Index
(NI) using the cosine transformation. The NI varies from -1 (southern exposures) to 1
(northern exposures), while eastern and western exposures were assigned a value of 0. Fire
severity at the plot level was also estimated in the field and classified into four categories (1,
2, 3 and 4) from low (1) to high (4) fire severity based on detailed clues (Appendix S2). Finally,
each sampling site was also characterized by past land-use (PLU). We used direct photo

interpretation of 1956 aerial orthophotographs (taken in the American Flight of 1956) to
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classify burnt areas into “recent forest” (i.e. forested areas that were croplands in 1956) or

“long-established forest” (i.e. forested areas that were already forests in 1956).

Data analysis

All statistical analyses were run using R version 4.4.1 (R Core Team, 2024). Pine abundance
was modelled using a generalized linear model with a negative binomial distribution of the
errors, as these data showed overdispersion (i.e. the variance was larger than the mean)
(MASS package; Venables & Ripley, 2002). Linear models were applied to analyse woody
vegetation cover and species richness. Each target variables (i.e. pine abundance, woody
vegetation cover, and species richness) was modelled as a function of NI, slope, PCC, PLU
and fire severity as explanatory variables. We started the analyses by including both main
effects and all interactions. The saturated model was then reduced by progressively
removing non-significant interactions starting from the high level ones, and comparing their
respective table of deviance for assessing models fit. We then evaluated the AIC of
subsequent models to select the one with the lowest AIC. We finally retained the models
with all the main effects. Model fit and assumptions were checked through visual inspection
of graphs performed with the check _model function from the performance package
(Ludecke et al., 2021). For pairwise comparisons of discrete variables (i.e., PCC, fire severity
and PLU), a Kruskall-Wallis and a Dunn’s test were applied for pine abundance, while Tukey

post-hoc tests were used for vegetation cover and species richness.

To explore the relationship between plot characteristics and post-fire woody species
distribution, we performed a canonical correspondence analysis (CCA) using the cca
function in the vegan package (Oksanen et al., 2022). We included some of the studied

explanatory variables (i.e., NI, slope, PCC, and fire severity), while the species cover matrix
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was composed by the measurements of the 33 most frequent woody species in each site
(i.e. those species recorded in 7 or more sites). Prior to the CCA, this matrix was log-
transformed to reduce the influence of dominant species (Borcard, Gillet and Legendre, 2018)
and categorical variables (PCC and fire severity) were transformed to ordinal ones. In the
biplot, species were represented according to their fire-adaptive reproduction traits, to
identify potential drivers of the distribution of species with certain strategies along
environmental gradients (CCA1 and CCA2). The significance of the canonical model,
canonical axes and the environmental variables contributions were assessed using

permutation tests (999 permutations).
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Results

During our field survey, we counted a total of 2,596 Aleppo pine seedlings with a mean density
of 0.36 + 0.06 (mean * SE) seedlings/m?. We found three plots with no pine regeneration, and
the maximum pine density was 2.38 seedlings/m?. We identified 45 woody species, including
shrubs, dwarfs, lianas and trees (the complete list of species surveyed is available in Appendix
S3). Woody species cover ranged between 5% and 125% (with percentages superior to 100%

due to vertical overlapping of species).

Drivers of post-fire Aleppo pine regeneration
Among the variables studied, only NI and PCC had a significant effect on post-fire pine

abundance (Appendix S4). Northness positively influenced the amount of pine seedlings (B =
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Fig. 2. Pinus halepensis abundance (number of seedlings per 100 m?) as a function of
northness index (NI) (a) and pre-fire canopy cover (PCC) (b). The negative binomial
generalised linear model predictions are plotted on top of observed data with 95%
confidence interval. In (a) the negative binomial model equation for NI is reported. In
(b), point-ranges reports predicted values for PCC, keeping the rest of model predictors
to their average (for NI and slope) or to their reference level (for fire severity and past
land use). Different letters show differences among groups obtained with Kruskall-Wallis
and Dunn’s post-hoc tests for significance (a = 0.05).
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1.081 +£0.17,z=6.28, p < 0.001; Fig. 2a). Sites with high PCC showed a greater pine seedling
abundance than sites with low PCC, which in turn had similar levels of pine abundance (Fig.
2b). We found no significant effects of slope, PLU, fire severity and the tested interactions on

pine abundance (Appendix S4).

Drivers of post-fire vegetation cover

Vegetation cover was significantly influenced by NI, fire severity and PLU (Fes, 51 = 2.92,
Adjusted R? = 0.178, p = 0.007) (Appendix S5). Northness negatively influenced vegetation
cover, with sites at northern exposures showing lower shrub cover (B =-9.92,t=-2.69, p =

0.009) (Fig. 3a). Sites burned at high severity (severity class 4) had lower shrub cover than
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Fig. 3. Vegetation cover (% of woody plants covering the soil) as a function of northness
index (NI) (a), fire severity (b) and past land-use (PLU, recent forest and long-established
forest) (c). Linear model predictions are plotted on top of observed data with 95%
confidence interval. In (a), the linear model predictions and model equation are
reported, with the model intercept adjusted to represent the effect of NI. In (b) and (c),
point-ranges reports predicted values for fire severity and PLU respectively, keeping the
rest of model predictors to their average (for NI and slope) or to their reference level
(for discrete ones). The different letters show differences among groups obtained with
Tukey post-hoc test for significance (o = 0.05). Percentages go above 100 since the
vertical coverage of shrubs is considered.
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those burned at lower classes, but significantly different only to severity class 2 (Fig. 3b). In
terms of PLU, long-established forests had higher vegetation cover than recent forests (Fig.
3c). Neither slope nor PCC nor the tested interactions significantly influenced shrubs

vegetation cover.

Post-fire diversity trends

Drivers of post-fire species richness

The number of woody species recorded per site ranged from 7 to 22. The linear model (Fs3,
8] = 3.55, Adjusted R? = 0.22, p-value = 0.002) highlighted a significant contribution of PCC to
species richness, while slope (p = 0.054) , PLU (p = 0.095) and fire severity (p = 0.073) had
only marginal effects (Appendix S6). Species richness was higher at sites with high PCC, than
at sites with low and medium PCC, which had similar values (Fig. 4a). In terms of fire severity,

species richness was lower at sites with high fire severity (i.e. category 4) than at category 2

a b
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Fig. 4. Species richness (n2 of woody species) as a function of: (a) pre-fire canopy cover
(PCC) and (b) fire severity. Linear model predictions are plotted on top of observed data
with 95% confidence interval. Point-ranges reports predicted values for PCC and fire
severity respectively, keeping the rest of model predictors to their average (for NI and
slope) or to their reference level (for discrete ones). The different letters show
differences among groups obtained with Tukey post-hoc test for significance (o = 0.05).
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sites (i.e. low to moderate fire severity), but similar to the other fire severity classes (i.e.
categories 1 and 3) (Fig. 4c). Even though category 2 sites had the highest species richness,
no significant differences were observed compared to categories 1 and 3 (low and
moderate-high fire severity, respectively) (Fig. 4b). Burnt long-established forests had
slightly higher species richness than recent ones, but the difference was only marginally

significant (Appendix S6).

Woody species ordination along NI, slope, PCC, and fire severity

The CCA model highlighted that a 15.98% of the total variance in species distribution could

be explained by the environmental variables, while 84.02% remained unexplained. The
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Fig. 5. Canonical Correspondence Analysis (CCA) biplot. CCA was run on four of the studied
variables: northness index (Northness, continuous values from -1 for southern, to 1 for
northern), slope (%), pre-fire canopy cover (PCC, categorical variable), and fire severity
(Severity, categorical variable from low (1) to high (4) severity), and the 33 most frequent
surveyed woody species. Categorical variables (PCC and severity) were included as ordinal
variables and are pictured as vectors. Fire-adaptive strategies are obligate seeders
(Seeders), resprouters and facultative resprouters. Canonical axis 1 and 2 are represented,
collecting a 75.71 % of the explained variance. Species are labelled with a shortened name
composed by the first three letters of the Genus and specific epithet. Complete species
names can be checked in Appendix S3.
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model was significant (Fj4,67) = 3.186, p = 0.001), although the permutation test showed that
only CCA1 and CCA2 were significant and together described 75.71% of the explained
variation (Appendix S7). The CCA biplot highlighted a strong correlation between CCA1 and
Northness and PPC, while CCA2 was correlated to slope and, to a lower extent, to fire
severity (Fig. 5). The four environmental variables included in the model were significantly
affecting species distribution (Appendix S7). A clear gradient of species distribution was
visible along CCA1, with species being clustered according to their preferred post-fire
reproductive strategy. Specifically, we could observe that resprouters were mostly arranged
to the left side of the panel, corresponding to north-facing areas and a high PPC, in

opposition to obligate seeders and facultative resprouters.
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Discussion

In this study, we provide a field-based integrative assessment of the factors driving post-fire
vegetation recovery in a Mediterranean Aleppo pine forest in Catalonia, focusing on the
abundance of the dominant canopy species (the Aleppo pine), woody plant cover, species
richness and composition two vyears after the fire. While a tendency towards
autosuccessional dynamics is suggested by the fire-responsive traits of the studied
vegetation community, our results highlight that the abiotic and biotic drivers of post-fire
regeneration dynamics affect the two vegetation components — the dominant canopy
species (P. halepensis) and the coexisting woody understory —in distinct and even divergent
ways. Even if these differences could be driven by species-specific characteristics, they
could highlight the need for a tailor-made approach in potential post-fire restoration

practices depending on their underlying objectives.

Drivers of post-fire regeneration of Aleppo pine

In the sampled plots, the density of pine seedlings two years after the fire ranged from 0 to
2.38 plants m2, with a mean of 0.36 individuals m. These values are comparable to those
found in other studies on early post-fire Aleppo pine regeneration (Thanos, Daskalakou and
Nikolaidou, 1996; Retana et al., 2002; Pausas et al., 2002), evidencing a successful
regeneration potential of the Aleppo pine in our study area. Our results confirmed the
hypothesis that exposure and pre-fire vegetation conditions drive Aleppo pine post-fire
regeneration, while slope and fire severity have negligible effects. These results evidence
the importance of factors related to water availability for post-fire regeneration of Aleppo
pine in Mediterranean areas. In fact, the more successful regeneration of Aleppo pine on

northern aspects might be explained by the cooler and moister microclimate, which reduces
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the evaporative demand in these areas as previously observed by Pausas, Ribeiro and Vallejo
(2004) and Buhk et al. (2006), and more recently with remote sensing data (Blanco-
Rodriguez et al., 2023). ). Similarly, we expected flatter slopes, associated to deeper soils
with higher water retention capacity (Gémez-Plaza et al., 2001), to also present a higher
pine regeneration (Tsitsoni, 1997). Nevertheless, the contribution of slope was not
significant, suggesting that other topographical factors may play a more important role in

determining the regeneration of this pine (Broncano & Retana, 2004).

In agreement with our hypotheses, the presence of a dense pre-fire canopy positively
influenced pine regeneration, likely due to the pre-fire abundance of adult pines enriching
the seedbank (Broncano & Retana, 2004; Pausas, Ribeiro and Vallejo, 2004). However, we
did not find land-use legacy effects on post-fire pine regeneration, likely due to the fast-
growing early-successional nature of Aleppo pine. On one hand, its partially serotinous
cones and long dispersal distances give it the ability to easily colonise post-disturbance
environments, regardless of land use history (Puerta-Pifiero et al., 2012). On the other hand,
Aleppo pine reaches sexual maturity early (3-9 years for first cone production), ensuring
seed availability within short-time frames (Climent et al., 2008). Altogether, these facts
suggest that land-use trajectories have a negligible effect on fast-growing pine regeneration,

especially considering that our “recent forest” class was at least 65 years old.

We found no significant effect of fire severity on pine seedlings abundance. Previous studies
reported greater pine regeneration after both high (Moya et al., 2020) and moderate
severity fires (Gonzalez-De Vega, De las Heras and Moya 2018; Romeo et al., 2020),
highlighting the disturbance-tolerant character of Aleppo pine (Nathan & Ne’eman, 2000).

Differences between our results and literature could be explained by the different
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methodologies used to estimate fire severity. In our study, this variable was estimated
qualitatively using visual clues (Appendix S2). Despite the reliability of our method, the
minimum heat exposure required to open the serotinous cones and release the seeds might
have already been reached in plots characterized as “low severity”. In addition, other factors
such as post-fire germlings and seedlings mortality (Broncano & Retana, 2004; Paneghel et
al., 2024), or seed predation (Broncano, Rodrigo and Retana, 2008) could act as greater filters
for pine recruitment than fire severity. Plus, other studies highlight that fire frequency is
more detrimental to Aleppo pine post-fire regeneration by reducing the time for the
formation of an abundant canopy seedbank, thus leading to structural and compositional

shifts in vegetation communities (Baeza et al., 2007; Rodrigo, Retana and Picé, 2004).

If matched in time and space with the favourable climatic conditions (Baeza et al., 2007),
the Aleppo pine shows an effective autosuccessional dynamic or “direct regeneration”
(sensu Rodrigo, Retana and Picé, 2004) thanks to heat-induced self-seeding from its
serotinous cones. In this context, pre-fire characteristics such as canopy cover, that
mediates seed availability, and northern exposure, which ensures higher water availability
(through lower evaporative demand), positively influence seedling abundance after fire. In
contrast, fire severity and land use legacy do not appear to play a significant role. Other
dominant mediterranean trees of fire-prone areas, including certain pines (such as P.
sylvestris L., P. nigra J.F. Arnolf and P. pinea L.) do not exhibit direct regeneration. In these
cases, post-fire seedlings abundance is strongly dependent on the presence of unburned
patches that provide regeneration material (Martin-Alcon & Coll, 2016; Mendez-Cartin et

al., 2025).

Such a regeneration dynamic can lead to the replacement of the dominant canopy species
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or to structural simplification, especially in large burnt areas (Rodrigo, Retana and Pic9,
2004). It may also drive substantial compositional changes, as the recovery of the dominant
tree species has been suggested to facilitate the recovery of the overall pre-fire vegetation
(Arnan, Rodrigo and Retana, 2007). Therefore, direct regeneration is strongly contingent to
the presence of species-specific regenerative traits in response to fire, such as serotiny or
resprouting (Rodrigo, Retana and Picd, 2004) and results as critical as environmental

conditions in determining the timing and success of post-fire plant recovery.

Drivers of post-fire woody vegetation cover, species richness and distribution

Although we initially expected that vegetation cover and richness would be enhanced in
northern sites, we found higher woody vegetation cover on southern exposures. This result
contrasts with previous findings in sub-Mediterranean mountainous areas (Puerta-Pifiero et
al.,, 2012), but may reflect the contrasting distribution of reproductive strategies across
aspects, as observed in the CCA biplot (Fig. 5). There, southern exposures were characterised
by a higher abundance of obligate seeders in contrast to resprouters, which were mainly
found on northern slopes. Thus, the higher vegetation cover found on southern slopes could
be attributed to a higher abundance of obligate seeders, which tend to be more drought
tolerant and dominate in more water-limited environments (Verdd, 2000; Arnan, Rodrigo and

Retana, 2007).

Contrary to our expectations, we found no effects of aspect on species richness, which
contradicts previous studies that reported lower floristic richness on southern slopes 2-4
years after the fire (Kutiel, 1997; Buhk et al., 2006). However, we did find that a high fire
severity negatively impacted both woody species cover and richness, which resulted higher

at a mid-low fire severity level (category 2). There are contrasting results in literature
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regarding the effect of fire severity on species richness and composition. Moya et al. (2020)
found that high burnt severity influenced a shift in community composition and increased
diversity, but not on species number (richness) nor cover. Contrastingly, Marzano, Lingua and
Garbarino (2012) describes a fire-severity induced reduction in floristic richness shortly after
fire. Differences in the effect of fire severity on species richness and composition could be
driven by how fire affects soil properties and the soil seedbank (Robichaud & Waldrop, 1994;
Gonzalez-De Vega, De las Heras and Moya, 2018), resprouting vigour (Pausas et al., 2002;
Marzano, Lingua and Garbarino, 2012), and fire induced seedling emergence (Moya et al.,
2020). In fact, beside directly affecting seed availability, viability and germination, a high fire
severity has overall negative effects on soil properties, including the loss of organic matter,
nutrient depletion through volatilisation or leaching, and the disaggregation of soil structure
that enhance soil erosion and runoff, combined with the waterproof effect of the ash layer
(Certini, 2005). On the other hand, an intermediate fire severity can boost species richness
and cover by creating a competition-free environment (Lavorel et al., 1994), while not
significantly reducing propagule availability, and even favouring heat-induced seed
dissemination. The highest levels of species richness during post-fire recovery are typically
observed in the first few years after the fire, when autosuccessional dynamics favour the
presence of pre-fire species reproducing either by seeding or resprouting and of transient
herbaceous species (Capitanio & Carcaillet, 2008). Although not strongly significant, our
results appear to support the intermediate disturbance hypothesis (Grime, 1973), as an
intermediate fire severity causes a sufficient disturbance to reduce competition, while
preserving enough seeds and resprouting structures to facilitate diverse plant community
with a transient increase in species richness. Finally, the methodological choices in assessing

fire severity may contribute to the lack of clear statistical significance in the observed effects
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of fire severity on species richness and cover. Specifically, the visual criteria used for
determining fire severity (Appendix S2) may not always accurately reflect the actual fire

severity experienced or its impact on soils and reproductive structures.

Species richness was favoured in areas with high pre-fire canopy cover, even though this did
not affect vegetation cover. A higher post-fire richness in previously denser forest could be
related to the development of the understory. In fact, dense Aleppo pine forests are
characterised by a species richer understory, often composed by resprouting species, which
are more abundant in northern slopes (Fig. 5). Finally, long-established forests appeared to
support higher vegetation cover than those established more recently, without influencing
species richness. On one hand, higher vegetation cover in long-established forests and on
southern slopes could be also related to land abandonment patterns. Southern sites, less
productive in the hot and dry continental Mediterranean climate, may have been abandoned
earlier or never cultivated, as land abandonment patterns are often linked to unfavourable
environmental conditions, among others socio-ecological factors (Kosmas et al., 2015). On
the other hand, long-established forests also tend to have more structured vegetation
communities and thus a richer abundance of reproductive structures, aiding the post-fire
ecosystem recovery. For example, previous studies have reported a higher presence of
resprouting species in long-established forests (Baeza et al., 2007). These results build on
previous findings, suggesting that land-use trajectories may influence plant composition and
post-fire vegetation recovery regardless of other environmental factors shaping species
assembly. This influence persists even though we observed a clear distribution of species by
reproductive strategies along the north-south exposure gradient, with seeders more common

on southern exposures. Further research is needed to fully understand how land-use changes
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modulate post-fire recovery of plant communities in the Mediterranean and how these
interact with other variables influencing species distribution and ecology (but see Baeza et al.,

2007).

Conclusions and management implications

Our results showed that sites with low pre-fire canopy cover, with southern aspects and
affected by a high severity fire, may be those where vegetation may experience challenges
to re-establishing quickly after fire, at least in the short term. These areas might be
prioritized when defining restoration strategies to protect soil from erosion and further
degradation. In unburnt areas, management actions aimed at enhancing forest resilience
should focus on promoting species diversity, with particular attention to species functional
responses to disturbances, as well as species-specific environmental requirements. We can
highlight that the main drivers of post-fire regeneration diverge depending on the
vegetation strata considered. While pre-fire canopy cover positively influences P. halepensis
regeneration, fire severity plays a more critical role in determining overall woody vegetation
cover. Furthermore, aspect had opposite effects on the recovery of different vegetation
components, with north-facing slope favouring pine establishment, and southern aspects
supporting a greater woody vegetation cover, mainly due to the presence of obligate
seeders. Our results also highlight the importance of the presence of fire-responsive
regenerative plant life-traits, which per se foster the autosuccessional dynamic of the plant

community.

It is worth mentioning that our study provides short-term information on post-fire
vegetation recovery, offering a partial assessment of these processes. While longer-term

studies or broader spatial scales might be necessary to fully understand the evolution of
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post-fire plant communities in water-limited Mediterranean environments, this study offers
valuable information on the key factors driving plant regeneration after wildfires, which
could guide future management actions. In post-fire conditions, restoration goals could
span from ensuring the regeneration of the dominant canopy species (as P. halepensis in
our case study), to rapid soil coverage to avoid soil erosion and degradation and enhancing
diversity. Thus, our work can help in the identification of areas that might require targeted
restoration efforts to optimise post-fire vegetation recovery according to the specific goals

and objectives of each forest community.

Appendices

Appendix S1. Image processing for dNBR calculation for the study area.

Appendix S2. Fire damage clues for fire assessment in the field based on visual estimation

of damage.

Appendix S3. Complete list of woody species recorded in the floristic inventories.
Appendix S4. Results tables of the generalized linear model for pine abundance.
Appendix S5. Results tables of the linear model for woody species cover.
Appendix S6. Results tables of the linear model for woody species richness.
Appendix S7. Summary table of the Canonical Correspondence Analysis.
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