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a b s t r a c t
Projections of future wildfire regimes forecast an increased frequency of large high-severity fires that create very harsh environmental conditions and constitute a challenge to post-fire ecosystem regeneration.
Under these new circumstances, better knowledge of the plant interaction mechanisms underlying postfire seedling establishment success would aid restoration management to achieve the intended targets.
We evaluated the combined effect of recurrent large stand-replacing fires and conventional post-fire
restoration activities (salvage logging after a single large fire, and direct seeding and linear subsoiling
plus seedling planting after two subsequent large fires) on tree seedling recruitment and performance
(development, annual growth, and biomass) in the early stages of succession in fire-prone maritime pine
(Pinus pinaster Ait.) ecosystems. We quantified plant facilitative/competitive interactions between naturally recruited pine seedlings, neighbouring seedlings and potential nurse shrubs with different post-fire
regeneration strategies (obligate seeders vs resprouters), by computing the relative interaction index
(RII). The results evidenced that fire recurrence altered plant species composition and conditioned initial
pine seedling recruitment and establishment, prevailing over the expected negative impact of salvage
logging and positive impact of seeding. Seedling recruitment was sufficient to ensure natural tree regeneration after a single fire event and undermined by repeated fires. Both delaying burned timber removal
during salvage logging operations and retaining immature dead trees without commercial value onsite in
subsoiled stands enhanced seedling recruitment via facilitative interactions. Higher seedling growth and
height under shrubs than in open ground resulted in lower aerial and root biomass, indicating elongation
in response to shade, and net competition for resources. Inter-specific competition between naturally
regenerated seedlings and shrubs was aggravated by intra-specific competition with neighbouring seedlings and by mechanical site preparation in subsoiled stands. All in all, post-burn increased soil fertility
most likely counterbalanced the environmental stress created by fire, shifting the net outcome of plant
interactions from positive (facilitation) to negative (competition). We recommend alternative post-fire
management actions that decrease plant competition and take advantage of facilitation by residual
burned wood, to ultimately accelerate ecosystem recovery after large stand-replacing fires.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Positive interactions (i.e., facilitation) between neighbouring
plants are common in harsh physical environments, such as arid/
semi-arid areas, playing a key role in species distribution and in
community dynamics and composition (e.g., Callaway et al.,
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2002; Maestre et al., 2003; Tewksbury and Lloyd, 2001; but see
Maestre and Cortina, 2004; Maestre et al., 2005). Benefactor plants
improve recruitment and performance of beneficiary ones, through
numerous processes like nutrient accumulation, microclimate
amelioration, and herbivory protection (Gómez-Aparicio et al.,
2005, 2008; Maestre et al., 2003). Facilitation generally prevails
under high abiotic stress or disturbance (Bertness and Callaway,
1994); but the net outcome of facilitative/competitive interactions
acting simultaneously is the result of multiple factors (reviewed by
Maestre et al., 2009), including the identity and life-strategies of
the interacting species (Gavinet et al., 2016; Gómez-Aparicio,
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2009; Gómez-Aparicio et al., 2008; Prévosto et al., 2012; Schöb
et al., 2013) and the nature and degree of the environmental stress
(Maestre et al., 2003; Pugnaire and Luque, 2001).
In extremely degraded and highly disturbed environments like
fire-prone ecosystems, plant facilitation mechanisms can act as the
essential basis of restoration techniques to accelerate vegetation
recovery and achieve the intended targets (Brooker et al., 2008;
Gómez-Aparicio, 2009; Padilla and Pugnaire, 2006). To date, much
research (mostly experimental studies) has demonstrated the facilitative effects of naturally-occurring nurse plants (shrubs, in particular; Gómez-Aparicio, 2009; Gómez-Aparicio et al., 2005; Siles
et al., 2008, 2010) and inanimate objects (e.g., dead logs and
branches; Beghin et al., 2010; Castro et al., 2011; Marañón-Jiménez
et al., 2013) in ecosystem regeneration after a single fire event (see
reviews by Brooker et al., 2008; Padilla and Pugnaire, 2006). Yet,
conventional post-fire management operations like salvage logging
(i.e., the removal of burned trees and remaining woody debris) and
mechanical site preparation with heavy machinery prior to seeding
or planting of seedlings are widely implemented by forest administrations (see e.g., Beghin et al., 2010; Castro et al., 2011; Espelta
et al., 2003; Leverkus et al., 2012), overlooking the advantages of
alternative facilitation-based restoration practices.
Predictions of future fire regimes forecast an increase in the
recurrence and severity of wildfires under a warmer and drier climate (Doblas-Miranda et al., 2014; Moreira et al., 2011; Pausas and
Vallejo, 1999; Pausas et al., 2008), specifically in areas with high
productivity (Pausas and Paula, 2012), together with an increase
in the number of large fires that burn thousands of hectares
(Moreira et al., 2011; see also Pausas and Fernández-Muñoz,
2012) and have more adverse ecological effects (Moreira et al.,
2011; Pausas et al., 2008; and references therein). Ecosystem
restoration after such large stand-replacing fires constitutes a
new challenge for forest managers, as these fires (1) create very
severe environmental conditions (e.g., high soil erosion and solar
radiation), (2) entail the extensive destruction of the vegetation
and, therefore, the loss of potential nurse plants, and (3) often
cause major shifts in plant dominance and community structure
and composition (Pausas et al., 2008; Puerta-Piñero et al., 2012;
Rodrigo et al., 2004; Torres et al., 2016). Frequent large highseverity fires further result in limited or failed natural tree regeneration (Pausas et al., 2008; Tapias et al., 2001) and in the mediumterm massive proliferation of pioneer shrubs (Baeza et al., 2007;
Retana et al., 2002) generating homogeneous landscapes with high
fuel load accumulation (Loepfe et al., 2010; Moreira et al., 2011;
Pausas and Fernández-Muñoz, 2012). Whether these new circumstances created by recurrent large fires alter plant facilitation
mechanisms and condition the application of alternative restoration practices is presently poorly understood.
In this study, we evaluated the joint effects of recurrent large
stand-replacing fires and post-fire restoration activities on tree
seedling recruitment and performance (development, annual
growth, and biomass), mediated by changes in the regeneration
strategies of potential nurse plants after fire: (1) obligate seeder
shrubs with fire-stimulated recruitment, slow post-fire recovery
and low competitive abilities (Pausas and Vallejo, 1999), and (2)
resprouter shrubs highly-tolerant to short between-fire intervals,
capable of fast post-fire regeneration and with high competitive
abilities (Calvo et al., 2012; Keeley, 1986; Pausas and Vallejo,
1999; Valdecantos et al., 2008). We intended to determine the efficiency of conventional restoration operations applied by forest
managers immediately following fire (i.e., salvage logging after a
single large fire, and direct seeding and linear subsoiling plus seedling planting after two subsequent large fires) in helping the natural regeneration of fire-prone ecosystems at early stages of
succession (i.e., active restoration; Moreira et al., 2012; see e.g.,
Ammer and Mosandl, 2007; Beghin et al., 2010; Moreira et al.,

2009). We selected maritime pine (Pinus pinaster Ait.) forests
threatened by increasing wildfire frequency (Fernandes and
Rigolot, 2007), like other Mediterranean serotinous pine forests
(Espelta et al., 2008; Eugenio et al., 2006), as the model ecosystem.
P. pinaster is a fire-dependent obligate seeder species that relies
mostly on the aerial seed bank for post-fire recovery (Calvo et al.,
2013; Fernandes and Rigolot, 2007). Solar radiation is an important
environmental factor determining maritime pine seed germination, seedling survival, and early seedling development
(Fernandes et al., 2017; Rodríguez et al., 2008; Rodríguez-García
and Bravo, 2013; Rodríguez-García et al., 2011; Ruano et al., 2009).
We expected that (i) under the stressful conditions after a single
large stand-replacing fire the regrowth of potential nurse plants
(obligate seeder shrubs in particular) will protect pine seedlings
against the harsh environment, resulting in net facilitation and
improved seedling performance (Castro et al., 2004; Fernandes
et al., 2017; Rodríguez-García et al., 2011; Ruano et al., 2009);
(ii) post-fire salvage logging after a large fire will eliminate potential nurse objects (burned tree trunks, branches, logs, and snags),
increase soil compaction, and damage the soil seed bank, delaying
facilitative interactions (basically, between obligate seeder shrubs
and pine seedlings), and lessening seedling performance (Castro
et al., 2011; Marañón-Jiménez et al., 2013); (iii) the occurrence of
two subsequent large high-severity fires will favour highlyadapted resprouter shrubs over obligate seeder shrubs (Calvo
et al., 2012; Keeley, 1986; Pausas and Vallejo, 1999), shifting
plant-plant interactions from facilitative to competitive ones, and
reducing seedling performance (Gavinet et al., 2016); (iv) mechanical site preparation prior to planting of seedlings after recurrent
fires will decrease soil resistance, improve water and air transport,
and promote the development of a deep root system of the planted
trees, reducing competition and enhancing seedling performance
(Espelta et al., 2003; but see Löf et al., 2012).
2. Materials and methods
2.1. Study site and population
The study site is located in Sierra del Teleno (NW Spain; 42°
150 3400 N/06°120 1300 W; 915–1200 m a.s.l.; 10% average slope), a
mountain range where wildfires have frequently occurred
[172 small (<500 ha) and 5 large (>500 ha) fires recorded in
1974–2007 that burned 14,243 ha], typically caused by dry
spring-summer storms (Santamaría, 2015). From 1978 to 2014,
the number of fires that occurred in the study site ranged from 1
to 4 (four fire recurrences identified from visual interpretation of
75 Landsat images and validation with official fire reports;
Fernández-García et al., 2015). The climate is Mediterranean with
mean annual precipitation between 650 and 900 mm, mean annual
temperature of 10 °C, and 2–3 months of summer drought. Soils
are Cambisols, very sandy and acidic (pH = 4.66 ± 0.25) with low
organic matter content (Calvo et al., 2008). The landscape is
dominated by pine forests (73% P. pinaster, 3% P. nigra Arn., 2%
P. sylvestris L.), deciduous forests (7% Quercus ilex L., 5% Q. pyrenaica
Willd.), and shrublands (10%, mainly Erica australis L. and
Pterospartum tridentatum (L.) Willk., with Halimium lasianthum
spp. alyssoides (Lam.) Greuter, and Calluna vulgaris (L.) Hull).
The study site encompasses (Fig. 1):
(1) 8221 ha affected by a single fire event: a large high-severity
man-induced wildfire that burned 11,891 ha (72% covered
by P. pinaster natural forests for timber production with a
mean tree density of 906 individuals ha1 and a mean basal
trunk diameter of 22.31 cm, and with a shrubby understorey
dominated by the resprouter shrubs E. australis and
P. tridentatum) in 19–21 August 2012. The understorey was
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Fig. 1. Location of the study site and location of the sampled stands for surveying seedling recruitment and development (black square) and for uprooting pine seedlings
(cross). The perimeters of the 1998 and 2012 fires and the areas where the post-fire treatments were applied are indicated. See the text and Table 1 for further details.

totally destroyed and the majority of tree crowns were completely consumed by fire, resulting in landscape homogenisation; and
(2) 1920 ha affected by two fire events: the abovementioned
2012 fire and an earlier large high-severity man-induced
wildfire that burned 3670 ha (93% covered by P. pinaster natural forests for timber production with a shrubby understorey dominated by E. australis) in 13–14 September
1998. At the time of the 2012 fire, pine trees were 12–
14 years old with a mean density of 12,778 individuals
ha1 and a mean basal trunk diameter of 3.7 cm.
The studied P. pinaster population is highly adapted to extremely intense crown fires with more than 95% of the trees bearing
serotinous cones that can persist in the canopy bank up to 40 years,
and with stored seeds remaining viable for 30 years (Tapias et al.,
2004). Seed release is delayed several days after a fire, when optimal post-burn conditions (i.e., high availability of space and nutrients, low competition for water and light, and low predation risk)
allow high rates of seed germination and seedling emergence
(Hernández-Serrano et al., 2013). In the last decades, however,
the post-fire natural regeneration of P. pinaster has been undermined by the increased frequency of wildfires, occurring at intervals of less than 10–15 years, the minimum required time for
pines to reach reproductive maturity (Pausas et al., 2008; Tapias
et al., 2001). Consequently, P. pinaster forests show low resilience
to recurrent large fires, turning into successional shrublands
(Baeza et al., 2007).
2.2. Post-fire management treatments
Immediately after the 2012 fire, the regional Forest Service
(Government of Castilla and León) implemented a number of
emergency post-fire treatments in the burned area to, inter alia,

recover timber value, reduce the risk of xylophage infestation
[mainly, Ips sexdentatus (Börner, 1776) (Coleoptera, Scolytidae)],
facilitate tree regeneration, and complete the recovery of the
burned area, which accentuated the landscape homogenisation
created by fire, and included (Fig. 1, Table 1, and Supplementary
Material):
(1) Salvage logging (SL) of 6961 ha affected by the 2012 fire
with adequate natural regeneration (500–3000 pine seedlings ha1 in June 2013) from December 2012 to February
2014. All burned trees were cut and felled by mechanical

Table 1
Post-fire restoration treatments implemented in the study site after the 2012 fire. The
number of sampled stands and uprooted pine seedlings, and the main seedling
characteristics (origin, position, and age) are indicated.
Salvage logging
(SL)

Seeding
(SE)

Subsoiling and
seedling planting
(SP)

Large-fire regime (year)

1 fire (2012)

2 fires (1998, 2012)

Number of stands
(seedling recruitment
and development)
Number of stands
(seedling annual
growth and biomass)
Origin of uprooted pine
seedlings (number of
individuals)
Number of uprooted pine
seedlings (position)

6

2 fires
(1998,
2012)
6

Age of uprooted pine
seedlings (number of
individuals)

5

4

Naturally
recruited (30)

Naturally recruited
(12), planted (12)

18 (under
shrubs), 12
(open ground)
2 years-old
(24), 3 yearsold (6)

12 (under shrubs),
12 (open ground)
1 year-old (2),
2 years-old (19),
3 years-old (3)
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chain saws, trunks were manually dragged and piled at firebreaks and roads, branches and woody debris were chopped,
and all the cut biomass was extracted for timber or fuel production (Supplementary Material). Three years after the
2012 fire, stumps and branches covered 12% of the surface,
herbs 2%, and obligate seeder shrubs (H. lasianthum) 18%
(percentage cover values measured on 234 2  2 m surveyed
subplots; unpublished data) (Fig. 2A).
(2) Direct seeding (SE) of 245 ha affected by both fires (1998,
2012) with limited natural regeneration (0–500 seedlings
ha1) and stony or rocky steep slopes in April-May 2013.
Mature cones were harvested from adjacent unburned P.
pinaster stands, and submitted to progressive drying by
sun exposure to release the seeds without damage. No pretreatments were applied, and seeds were manually scattered
by broadcast spreaders [SoloÒ Model 421S Portable Shoulder
Spreader; ca. 1.5 kg ha1 (Rodríguez et al., 2008)] following
contour lines at 2 m distance before herb regrowth and
shrub resprouting (Supplementary Material). Three years
after the 2012 fire, standing and fallen burned trees covered
4%, herbs 0.3%, stones 22%, and resprouter shrubs dominated
(P. tridentatum, 22%; E. australis, 14%) (percentage cover values measured on 15 2  2 m surveyed subplots; unpublished data) (Fig. 2B).
(3) Subsoiling and seedling planting (SP) of 550 ha affected by
both fires with limited natural regeneration and smooth
slopes. Soil preparation was done by bulldozer linear
subsoiling in April-June 2013 (Supplementary Material),
prior to planting of P. pinaster seedlings with similar
dimensions (about 20–25 cm height at the time of planting;
1200–1600 seedlings ha1) in October-November 2013 and
2014. Seedlings were grown in nurseries inside forest trays
containing 45 cells of 250 cm3 each. The planting space
was 3–4 m within the troughs (bottom; ‘SP_trough’) of the
subsoiled strips and no planting was performed if a naturally
recruited seedling existed in the close proximity [i.e., at the
ridges (top; ‘SP_ridge’) of the strips]. Three years after the
2012 fire, standing and fallen burned trees covered 0% and
6%, and herbs 0% and 2% at the troughs and ridges of the
strips, respectively; and resprouter shrubs (P. tridentatum,
22%; E. australis, 11%) dominated at the ridges while bare soil
(98%) at the troughs (percentage cover values measured on
15 2  2 m surveyed subplots; unpublished data) (Fig. 2C).

2.3. Seedling recruitment and development
We randomly selected 6 stands of approximately 1 ha in size in
which SL and SE were applied after a single and two wildfires,
respectively (12 stands in total) (Table 1). To minimise variability

all the stands were located in nearby areas with similar environmental conditions [i.e., same fire severity (high burn severity values ranging 2.25–3 as measured directly in the field by the
Composite Burn Index on a total of 111 30-m-diameter circular
plots; Quintano et al., 2015, 2017), altitude, soil type, aspect, and
slope] (Fig. 1). We established ten 1  1 m sampling units along a
20 m-transect per stand to survey plant recovery at 11, 13, 23
and 25 months after the 2012 fire (i.e., in July/September 2013
and 2014). In each sampling unit we counted the total number of
P. pinaster seedlings alive, measured the height of each seedling
to calculate the average height value per unit, and visually estimated the percentage cover of bare soil, all herbaceous and shrub
species and P. pinaster seedlings. Seedling mortality was insignificant at these stages of succession (no dead seedlings were detected
during data acquisition), and even so ca. 33 months after the 2012
fire (number of dead seedlings in 234 2  2 m surveyed subplots = 0.61 ± 2.33; unpublished data). We defined the frequency
of pine seedling occurrence in each stand as the total number of
sampling units where seedlings were present.

2.4. Seedling annual growth and biomass
In July 2015 (35 months after the 2012 fire), we conducted a
destructive sampling by uprooting a total of 54 randomly selected
1–3 year-old P. pinaster seedlings at stands (Table 1):
– where SL was applied after a single fire: 6 naturally regenerated
seedlings under the canopy of E. australis shrubs, 6 under P. tridentatum, 6 under H. lasianthum [2 years-old (14 individuals),
3 years-old (4)], and 12 in open ground [2 years-old (10 individuals), 3 years-old (2)], at least 50 cm out of the canopy of any
established shrub; and
– where SP was applied after two fires: 12 naturally regenerated
seedlings [1 year-old (1 individual), 2 years-old (9), 3 years-old
(2)] at the ridges of strips where shrubs proliferated (i.e., under
the canopy of E. australis, P. tridentatum, and H. lasianthum
shrubs), and 12 planted seedlings [1 year-old (1 individual),
2 years-old (10), 3 years-old (1)] at the troughs where vegetation cover was eliminated (i.e., in open ground). The growing
period of planted seedlings in the field was 19–20 months at
the time of uprooting.
To minimise variability we collected pine seedlings in nearby
stands (5 and 4 stands in which SL and SP were applied, respectively) with similar environmental conditions [i.e., same fire severity (high burn severity values ranging 2.25–3 as measured directly
in the field by the Composite Burn Index on a total of 111 30-mdiameter circular plots; Quintano et al., 2015, 2017), altitude, soil
type, aspect, and slope], and in the same sampling area where

Fig. 2. Vegetation recovery three years after the 2012 fire, following application of the post-fire treatments: A = salvage logging (SL), B = seeding (SE), and C = subsoiling and
seedling planting (SP).
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we established the stands for evaluating seedling recruitment and
development (Fig. 1). Similarly to previous studies monitoring the
effectiveness of restoration techniques commonly applied by forest
managers (e.g., Ammer and Mosandl, 2007; Beghin et al., 2010;
Moreira et al., 2009), we compared growth and biomass of naturally recruited seedlings and planted seedlings to determine
whether the treatments applied were the best option to enhance
natural regeneration after recurrent large fires (i.e., no action versus
active restoration; de las Heras et al., 2012; Moreira et al., 2012).
Seedling sampling was not conducted at SE stands, since there
were no seedlings growing in open interspaces without potential
nurse shrub cover or potential nurse inanimate objects (mainly
rocks and stones).
For each seedling, we recorded in the field: the distance to the
closest shrub, the identity of the closest shrub, the maximum
height and diameter of the shrubs at <50 cm distance, and the
number of neighbouring pine seedlings in a 50 cm-radius. In the
laboratory, we determined: the age of each seedling estimated as
the number of whorls (Tapias et al., 2001), height, growth in years
1, 2, and 3, estimated as the length of stem between whorls of
leaves, and aerial and root biomass. Biomass was measured as
dry weight after oven-drying seedling tissue at 45 °C to constant
weight for at least 48 h.
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0.7 < q < 0.7) that resulted in simple LMs with p < 0.1 and highest
adjusted R2 values were considered in the multiple LMs. We
initially used the Akaike’s information criterion (AIC) to compare
the fit of LMMs with the identity of the individual seedlings as
random factor, and the fit of generalised least squares (GLS) models
without the random factor using restricted maximum likelihood
estimation (REML) procedures, by means of the ‘anova()’ and
‘gls()’ functions. Models without the random factor were the most
parsimonious ones and, therefore, only LMs are reported.
Additionally, to estimate the net outcome of shrub interactions
with pine seedlings, we calculated the relative interaction index
[RII; Armas et al. (2004)] for the model predicted values of seedling
performance (i.e., growth in years 1, 2 and 3, height, aerial and root
dry weight, and root/aerial dry weight ratio), after implementation
of SL and SP. The index is expressed as:
RII = (Pw  Po)/(Pw + Po), where Pw and Po are the values of seedling performance under shrubs and in open areas, respectively.
Index values higher than 0 indicate facilitative interactions,
whereas lower than 0 indicate competitive interactions.

3. Results
3.1. Seedling recruitment and development

2.5. Data analysis
All data analyses were carried out with R software, version 3.1.1
(R Core Team, 2014) using the ‘stats’, ‘nlme’ (Pinheiro et al., 2014)
and ‘MASS’ (Venables and Ripley, 2002) packages.
We fitted linear mixed (LMM) and generalised linear mixed
(GLMM) models to test the joint effects of fire recurrence and the
post-fire treatments (i.e., SL after a single fire, and SE after two
fires) on: (1) the total number of pine seedlings alive and (2) the
frequency of seedling occurrence in each stand (Poisson error distribution); (3) the average seedling height (Gaussian error distribution), and (4) the percentage of seedling cover (quasi-Poisson error
distribution) in each sampling unit. The predictor variables (fixed
factors) were time since the 2012 fire (11, 13, 23, and 25 months),
post-fire treatment (SL and SE) and their interaction. The interaction term was retained in the models only when significant. The
identity of the stands and the identity of the sampling units nested
within each stand were included in the first and second set of models as a random factor, respectively. We also fitted equivalent
LMMs and GLMMs to examine the impact of the understorey vegetation recovered after the post-fire treatments (predictor variables: percentage cover of herbs, P. tridentatum, E. australis and
H. lasianthum) on the abovementioned four response variables.
We fitted linear models (LMs) to evaluate the effects of pine
seedling age (1, 2, and 3 years), the post-fire treatment (SL after a
single fire, SP_ridge, and SP_trough after two fires), the number
of neighbouring seedlings, and the distance to the closest shrub
on: (1) pine seedling growth in years 1, 2 and 3, (2) height, (3) aerial and (4) root dry weight, and (5) root/aerial dry weight ratio
(Gaussian error distribution). Model predictions were obtained
for the most frequent seedling age (2-years-old), the minimum
(0) and maximum (4) number of neighbouring seedlings, the minimum (0 cm) and maximum (170 cm) distance values to the closest
shrub, and the post-fire treatments. For those seedlings growing at
<50 cm from the closest shrub, we also tested the influence of
shrub characteristics [maximum height and diameter, and species
identity (P. tridentatum, E. australis, and H. lasianthum)] on seedling
annual growth, height, aerial and root dry weight, and root/aerial
dry weight ratio, by fitting analogous LMs. To avoid collinearity, only
uncorrelated variables (Spearman’s rank correlation coefficient

The number of pine seedlings and the frequency of seedling
occurrence per stand were significantly higher in SL than in SE
stands (average density of 3.6 and 0.6 seedlings m2, respectively;
Supplementary Material) (Table 2, Fig. 3); while no differences
were detected over time, except for a decrease in the number of
seedlings 25 months after the 2012 fire. Seedling frequency was
significantly negatively related (i.e., negative estimated model
coefficient) to the percentage cover of P. tridentatum after fire
(mean ± Std.Error = 7.1 ± 1.0% and 33.7 ± 2.4% at SL and SE stands,
respectively; Supplementary Material) (Table 3).
We found no significant differences between post-fire treatments for the average seedling height and the percentage of seedling cover in each sampling unit (Table 2, Fig. 3); but there were
statistically significant differences among sampling dates with
greater values recorded over time, especially 25 months after the
2012 fire, when seedlings started to exhibit exponential growth.
Average pine seedling height and cover were significantly positively related (i.e., positive estimated model coefficients) to the
percentage cover of herbs (8.0 ± 2.9% and 10.7 ± 2.6% at SL and SE
stands, respectively; Supplementary Material) and H. lasianthum
(11.8 ± 2.6% and 22.3 ± 2.7% at SL and SE stands, respectively; Supplementary Material) after fire (Table 3). Average height was also
significantly positively associated to the percentage cover of E. australis after fire (8.3 ± 1.2% and 11.3 ± 1.5% at SL and SE stands,
respectively; Supplementary Material).

3.2. Seedling annual growth and biomass
Seedling growth in years 1 and 2 and height significantly differed among post-fire treatments with lowest values at the troughs
of SP strips where vegetation cover was eliminated prior to planting of seedlings (Table 4, Fig. 4); but there were no differences
among post-fire treatments for seedling growth in year 3. Moreover, height was significantly higher under shrub canopy at both
SL and SP stands, compared to open spaces. Aerial and root dry
weight were significantly greater at SL than at SP stands (Table 4,
Fig. 4); while the root/aerial dry weight ratio was significantly
higher at the troughs of SP strips (Table 4, Fig. 5). Also, the highest
aerial and root dry weight values, as well as the highest root/aerial
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Table 2
LMM and GLMM results for the effects of the post-fire treatments (SL = salvage logging, SE = seeding) on pine seedling recruitment (number of seedlings alive and frequency of
seedling occurrence per stand) and development [average seedling height (cm) and percentage seedling cover (%) in each sampling unit] over time (i.e., 11, 13, 23, and 25 months
since the 2012 fire) (fitted models: Response  Time * Post-fire treatment, random = 1|stand/unit or random = 1|unit). The interaction term (Time x Post-fire treatment) was
retained in the models only when significant. The intercept represents the factor levels SL and Time11. Significant p-values are in bold face.
Intercept

Time13

Time23

Time25

SE

Number of pine seedlings

Estimate
Std.Error
p-value

3.279
0.355
<0.001

0.067
0.093
0.477

0.063
0.093
0.502

0.281
0.099
0.008

1.510
0.503
0.013

Pine seedling frequency

Estimate
Std.Error
p-value

1.837
0.165
<0.001

0.107
0.093
0.259

0.078
0.094
0.414

0.033
0.096
0.736

0.575
0.221
0.027

Average pine seedling height

Estimate
Std.Error
p-value

6.425
2.053
0.002

2.756
1.252
0.029

11.093
1.278
<0.001

19.303
1.309
<0.001

2.893
2.759
0.319

Pine seedling percentage cover

Estimate
Std.Error
p-value

1.202
0.147
<0.001

0.491
0.106
<0.001

0.832
0.102
<0.001

1.212
0.096
<0.001

0.236
0.242
0.353

Time13:SE

Time23:SE

Time25:SE

0.142
0.212
0.505

0.691
0.219
0.002

0.417
0.208
0.046

Fig. 3. Mean model predicted values of the number of seedlings alive and the frequency of seedling occurrence per stand, the average seedling height (cm) and the percentage
of seedling cover (%) in each sampling unit at stands where salvage logging (SL) and seeding (SE) were applied after the 2012 fire.

dry weight ratios, were found in open ground and for the minimum
number of neighbouring seedlings.
Correspondingly, the analysis of the relationship between pine
height and biomass showed that seedlings growing at >50 cm from
the closest shrub increased in aerial and root dry weight in relation
to height (Fig. 6). In addition, the height of seedlings growing at
<50cm from the closest shrub was positively related to shrub
diameter, consistently so for the three shrub species tested
(Table 5).

The RII values showed that the net outcomes of pine seedlingshrub interactions depended on the performance variables considered (Fig. 7). Facilitation (RII > 0) prevailed for annual growth (particularly in year 3 at SL stands and year 2 at SP stands) and height
(mostly at SP stands); meanwhile competition (RII < 0) predominated for aerial and root dry weight, and the root/aerial dry weight
ratio. Also, neighbouring seedlings increased competition for aerial
and root dry weight, especially at the ridges of SP strips, but not for
the root/aerial dry weight ratio.
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Table 3
LMM and GLMM results for the impact of the understorey vegetation recovered after application of the SL and SE treatments on pine seedling recruitment (number of seedlings
alive and frequency of seedling occurrence per stand) and development [average seedling height (cm) and percentage seedling cover (%) in each sampling unit]: percentage cover
(%) of herbs, Pterospartum tridentatum, Erica australis, and Halimium lasianthum (fitted models: Response  Herbs+P. tridentatum + E. australis + H. lasianthum, random = 1|stand/
unit or random = 1|unit). Significant p-values are in bold face.
Intercept

Herbs

P. tridentatum

E. australis

H. lasianthum

Number of pine seedlings

Estimate
Std.Error
p-value

2.814
0.361
<0.001

0.003
0.003
0.225

0.014
0.012
0.259

0.006
0.011
0.575

<0.001
0.005
0.950

Pine seedling frequency

Estimate
Std.Error
p-value

1.895
0.156
<0.001

0.001
0.003
0.746

0.019
0.006
0.007

0.003
0.008
0.712

0.002
0.005
0.708

Average pine seedling height

Estimate
Std.Error
p-value

4.215
2.202
0.057

0.202
0.040
<0.001

0.091
0.048
0.063

0.108
0.049
0.030

0.224
0.036
<0.001

Pine seedling percentage cover

Estimate
Std.Error
p-value

1.175
0.175
<0.001

0.009
0.002
<0.001

0.006
0.004
0.115

0.007
0.003
0.051

0.010
0.002
<0.001

Table 4
LM results for the effects of seedling age (1, 2, and 3 years), post-fire treatment (SL = salvage logging, SP_ridge = ridges (top) of the strips where subsoiling was applied,
SP_trough = troughs (bottom) of the strips where subsoiling and seedling planting were applied), number of neighbouring seedlings, and distance to the closest shrub on seedling
annual growth [growth in years 1, 2, and 3, estimated as the length of stem (cm) between whorls of leaves], height (cm), aerial and root dry weight (g), and root/aerial dry weight
ratio (fitted models: Response  Pine age + Post-fire treatment + Number of neighbouring pines + Distance to shrub). Df = degrees of freedom. Significant p-values are in bold face.
Df

Sum of squares

F value

p-value

Growth year 1

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

39.79
317.43
50.28
20.01
1544.49

1.24
4.93
1.56
0.62

0.272
0.011
0.217
0.434

Growth year 2

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

462.96
1629.00
19.09
134.22
2934.18

7.57
13.32
0.31
2.20

<0.001
<0.001
0.579
0.145

Growth year 3

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

3071.83
35.61
0.81
3.52
1149.24

128.30
0.74
0.03
0.15

<0.001
0.481
0.854
0.703

Height

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

761.80
2567.60
13.10
321.70
3555.30

10.28
17.33
0.18
4.34

0.002
<0.001
0.676
0.043

Aerial dry weight

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

9412.50
16902.40
1624.10
1261.60
28266.50

15.98
14.35
2.76
2.14

<0.001
<0.001
0.103
0.150

Root dry weight

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

85.10
118.27
21.83
23.24
225.80

18.09
12.57
4.64
4.94

<0.001
<0.001
0.036
0.031

Ratio root/aerial dry weight

Pine age
Post-fire treatment
Number of neighbouring pines
Distance to shrub
Residuals

1
2
1
1
48

0.02
0.16
0.00
0.00
0.13

8.75
29.51
0.47
1.30

0.005
<0.001
0.498
0.260

4. Discussion
Post-fire restoration decisions by forest administrations are largely context-dependent, and usually based on the specific circumstances of the fire, essentially the extension of the burned area, the
costs of management operations and the commercial value of the
burned wood (Beghin et al., 2010; Leverkus et al., 2012). From a
forest manager perspective, rehabilitation after large devastating

fires entails urgent stabilisation measures (e.g., mulching, grass
seeding, and erosion barrier installation) to reduce flooding, soil
loss and sedimentation, and silvicultural treatments (e.g., thinning,
shrub removal, and planting of seedlings) to minimise plant competition and restore the cover of the vegetation (Vallejo et al.,
2012). There is, however, an ongoing scientific debate about
whether, how and when to implement which post-fire restoration
action to ensure adequate tree recruitment and fast ecosystem
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Fig. 4. Model predicted values (mean ± 95% confidence intervals) of seedling annual growth [growth in years 1, 2, and 3, estimated as the length of stem (cm) between whorls
of leaves], height (cm), aerial and root dry weight (g), following application of the post-fire treatments: SL = salvage logging, SP_ridge = ridges (top) of the strips where
subsoiling was applied, SP_trough = troughs (bottom) of the strips where subsoiling and seedling planting were applied. ‘min, with’ = minimum number of neighbours (0),
under shrub cover; ‘max, with’ = maximum number of neighbours (4), under shrub cover; ‘min, open’ = minimum number of neighbours, in open area; ‘max,
open’ = maximum number of neighbours, in open area.

Fig. 5. Model predicted values (mean ± 95% confidence intervals) of the ratio
between pine seedling root and aerial dry weight, following application of the postfire treatments: SL = salvage logging, SP_ridge = ridges (top) of the strips where
subsoiling was applied, SP_trough = troughs (bottom) of the strips where subsoiling
and seedling planting were applied. ‘min, with’ = minimum number of neighbours
(0), under shrub cover; ‘max, with’ = maximum number of neighbours (4), under
shrub cover; ‘min, open’ = minimum number of neighbours, in open area; ‘max,
open’ = maximum number of neighbours, in open area.

natural regeneration (e.g., controversy over post-fire salvage logging: Beghin et al., 2010; Castro et al., 2011; Fernández et al.,
2008; Leverkus et al., 2012, 2014; Lindenmayer and Noss, 2006;
Martínez-Sánchez et al., 1999; Rost et al., 2012).
Under the study conditions, the disturbance created by conventional salvage logging after a single large stand-replacing fire had
no significant effect on seedling emergence, as sufficient recruitment
to
obtain
adequate
natural
tree
regeneration
(3.6 seedlings m2; see Calvo et al., 2008; Fernández et al., 2008;

Fig. 6. Regression lines representing the linear relationships between height (cm)
and aerial and root dry weight (g) for pine seedlings growing at <50 cm (black open
circles) and at >50 cm (red filled circles) from the closest shrub. R2(adj) = adjusted
R2 value. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Gil et al., 2009; Martínez-Sánchez et al., 1999; Rodríguez-García
et al., 2010) was guaranteed by the plentiful storage of viable seeds
(seed viability >95% in the studied population; Calvo et al., 2016)
inside serotinous cones in the aerial seed bank during the previous
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Table 5
LM results for the effects of shrub characteristics [maximum diameter (cm) and species identity (Pterospartum tridentatum, Erica australis, and Halimium lasianthum)] on the
annual growth [growth in years 1, 2, and 3, estimated as the length of stem (cm) between whorls of leaves], height (cm), aerial and root dry weight (g), and root/aerial dry weight
ratio of the pine seedlings growing at <50 cm from the closest shrub (fitted models: Response  Shrub diameter + Shrub species identity). Df = degrees of freedom. Significant pvalues are in bold face.
Df

Sum of squares

F value

p value

Growth year 1

Shrub diameter
Shrub species
Residuals

1
2
27

113.64
42.76
1093.71

2.81
0.53

0.106
0.596

Growth year 2

Shrub diameter
Shrub species
Residuals

1
2
27

0.20
198.49
2604.96

0.00
1.03

0.964
0.371

Growth year 3

Shrub diameter
Shrub species
Residuals

1
2
27

188.21
199.63
2608.10

1.95
1.03

0.174
0.370

Height

Shrub diameter
Shrub species
Residuals

1
2
27

616.24
47.03
1955.33

8.51
0.33

0.007
0.726

Aerial dry weight

Shrub diameter
Shrub species
Residuals

1
2
27

2251.90
3173.30
21634.30

2.81
1.98

0.105
0.158

Root dry weight

Shrub diameter
Shrub species
Residuals

1
2
27

15.72
33.60
202.99

2.09
2.23

0.160
0.126

Ratio root/aerial dry weight

Shrub diameter
Shrub species
Residuals

1
2
27

0.00
0.00
0.02

1.49
0.06

0.233
0.941

fire-free interval (see Tapias et al., 2004; Vega et al., 2008). The
massive discharge of seeds triggered by heat most likely prompted
the rapid post-fire establishment of seedlings (Hernández-Serrano
et al., 2013) that were either very abundant to counterbalance
mortality (Martínez-Sánchez et al., 1999) or not seriously harmed
by harvesting operations, since trunks were manually dragged
and piled avoiding the use of heavy machinery (see Castro et al.,
2011 and references therein). Moreover, the 1.5-year delay in
undertaking dead wood extraction across the vast burned area
may have allowed seedlings to grow and increase resistance to disturbance (i.e., trampling, tree felling, and dragging) damage (see
Fernández et al., 2008), while profiting from the facilitative effects
of the standing burned trees (Castro et al., 2011; Marañón-Jiménez
et al., 2013). Average seedling density at the studied salvaged
stands (3.6 seedlings m2, pre-treatment average tree density = 906 individuals ha1) was clearly higher than that at experimental plots where non-intervention (0.1 seedlings m2, pretreatment average tree density = 1304 individuals ha1), partial
cutting of dead trees leaving the biomass in situ (0.6 seedlings m2,
pre-treatment average tree density = 1236 individuals ha1), and
mechanical salvage logging (0.1 seedlings m2, pre-treatment
average tree density = 1316 individuals ha1) were implemented
at a 50-year-old maritime pine reforested stand after a single fire
of ca. 1300 ha (Castro et al., 2011). This could be due to the high
percentage of maritime pine trees bearing serotinous cones in
the studied population (comparatively higher than other populations from northern and southern Spain; Tapias et al., 2004), which
very likely provided effective seed mechanical and thermal defence
in the course of a high-severity fire (Fernandes and Rigolot, 2007).
More research is, hence, needed to assess how differences in the
application of salvage logging after large stand-replacing fires
may influence its ecological impact at the population level (i.e.,
the serotiny level) on tree regeneration success (de las Heras
et al., 2012; Gil et al., 2009), and the full cost-benefit output of
restoration operations, relative to other suitable post-fire management
alternatives (e.g., no action; see discussion in Leverkus et al., 2012).
Where two large high-severity fires occurred in less than a
14-year period in the study site, seedling recruitment was, comparatively, reduced (0.6 seedlings m2, pre-treatment average tree

density = 12,778 individuals ha1). Fire repetition with a short
return interval seems to be the main factor driving the observed
low seedling recruitment, as a high number of naturally recruited
seedlings was recorded in this area during the first, second and
third year (Calvo et al., 2008), and up to five years (Calvo et al.,
2013) after the 1998 fire, indicating an adequate natural regeneration of the species after a single fire event. Fire return intervals of
less than 15 years imply less number of trees reaching reproductive maturity, and therefore, lower cone production, a smaller
canopy seed bank, and less viable seed rain after fire (Espelta
et al., 2008; Eugenio et al., 2006; Pausas et al., 2008; Tapias et al.,
2001). The lessened seedling recruitment after two fire events in
our study site was not fully compensated by the manual spreading
of seeds after fire, as most scattered seeds following contour lines
were dragged by rainfall towards the bottom of the slopes (personal observation) (see e.g., Espelta et al., 2003). Many additional
factors might have also contributed to weaken the effectiveness
of direct seeding and to impede seedling establishment, such as
post-dispersal seed predation (Ruano et al., 2015), the high percentage of the surface covered by stones and the low coverage of
fine woody debris [i.e., downed branches and pieces of dead wood
<2 cm diameter, and remaining unburned foliage; 7.95 ± 10.14 and
0.49 ± 0.45 at stands subjected to one and two fires, respectively;
unpublished data] (Madrigal et al., 2005; Rodríguez et al., 2008;
Rodríguez-García et al., 2010). Yet, in these stands subjected to
repeated large fires, average seedling density was either similar
or superior to that at the abovementioned experimental plots
where burned wood was removed or fully/partly left onsite
(Castro et al., 2011), and may be sufficient to ensure post-fire
regeneration (Gil et al., 2009). Despite seeding failure, leaving all
immature burned trees without commercial value in place may
have enhanced natural seedling recruitment to a certain degree
via facilitative interactions (through microclimate amelioration),
as demonstrated by other authors (Castro et al., 2011; Marzano
et al., 2013). Also, many young tree individuals presented early
fructification as shortly as four years after fire (personal observation) possibly displaying an adaptive response to recurrent fires
(Fernandes and Rigolot, 2007; Tapias et al., 2001, 2004) and helping natural seedling recruitment.
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Fig. 7. Schematic diagram and relative interaction index (RII) for the model predicted values of pine seedling growth in years 1 (G_1), 2 (G_2) and 3 (G_3), height (H), aerial
(AW) and root (RW) dry weight, and root/aerial dry weight ratio (RW/AW), after application of the SL (salvage logging; A, B) and SP (subsoiling and seedling planting; C, D)
treatments. Pine seedling-shrub interactions are depicted on the left side of the figure (i.e., inter-specific interactions; A, C); and pine seedling-shrub/neighbouring seedling
interactions are depicted on the right side of the figure (i.e., inter- and intra-specific interactions; B, D). The dimensions of the light and dark grey circles correspond to the
model predicted values of seedling aerial and root dry weight in relation to height, respectively. See Figs. 4 and 5 for further details.

All in all, the frequency of occurrence of large high-severity fires
in the study site (i.e., a single or two fires) was decisive in conditioning initial seedling recruitment and establishment, and somehow prevailed over the expected impact of the following
management operations on seedling recruitment (both the negative effects of salvage logging and the positive effects of seeding).
In accordance with previous studies (Keeley, 1986; Pausas and
Vallejo, 1999; Valdecantos et al., 2008), fire recurrence greatly
altered plant dominance in the managed stands, promoting pioneer shrub species with diverse post-fire regeneration strategies:
obligate seeder species with slow post-fire recovery (Pausas and
Vallejo, 1999) dominated after a single large high-severity fire,
whereas resprouter species with fast post-fire regeneration
(Keeley, 1986; Pausas and Vallejo, 1999; Valdecantos et al., 2008)
dominated after repeated fires. These changes in shrub species
composition together with the different handling methods of
potential nurse objects by post-fire management operations (i.e.,
elimination of dead wood by salvage logging, and preservation of
immature burned trees by linear subsoiling at the ridges of the
stripes) influenced seedling-shrub interactions and, thus, seedling
performance. In salvaged stands subjected to one large fire and
burned wood removal, the highest positive effect of obligate seeder
shrubs (mainly H. lasianthum) was on seedling growth in the third

growing season after fire, while their highest negative effect was
on root biomass. Similarly, in subsoiled stands following two large
fires, the highest positive effect of resprouter shrubs (P. tridentatum
and E. australis) was on seedling growth in the second growing season after fire and total height, while their highest negative effect
was on root biomass, and, to a minor degree, on aerial biomass.
In all managed stands, greater annual seedling growth and height
under shrubs than in open ground resulted in lower aerial and root
biomass, thus, indicating elongation in response to shade, and net
aboveground plant competition for light (Calvo et al., 2008 and references therein), as well as belowground competition for water
and nutrients at the initial stages of post-fire seedling establishment (Gavinet et al., 2016; Maestre and Cortina, 2004; Prévosto
et al., 2012). Better or worse performance of maritime pine seedlings under canopy cover than in open ground at the early stages
of development has been associated to differences in local climate
(Fernandes et al., 2017; Rodríguez-García et al., 2010; Ruano et al.,
2009), stand environmental characteristics (Rodríguez-García
et al., 2010, 2011), and population-specific life-history strategies
(Rodríguez-García and Bravo, 2013; Vizcaíno et al., 2014). In our
studied population adapted to dry environments and low nutrient
availability, the increased soil fertility (i.e., resource availability)
immediately after fire (see Calvo et al., 2008) most likely created

A. Taboada et al. / Forest Ecology and Management 402 (2017) 63–75

a milder environment and resulted in better seedling performance
in open ground than under canopy cover (Fernandes et al., 2017;
Rodríguez-García and Bravo, 2013; Vizcaíno et al., 2014). To a certain degree, these improved abiotic conditions (i.e., enhanced soil
nutrients) amended the environmental stress caused by the highseverity fires, shifting the net balance of plant interactions from
positive (facilitation) to negative (competition) (Prévosto et al.,
2012; Pugnaire and Luque, 2001; Wright et al., 2014). What is
more, competition was aggravated by the presence of neighbouring seedlings (see Gómez-Aparicio, 2009; Prévosto et al., 2012),
particularly for aerial and root biomass in subsoiled stands. The
negative interactions between naturally recruited seedlings and
shrubs (inter-specific competition)/neighbouring seedlings (intraspecific competition) were strengthened at the ridges of strips in
subsoiled stands, where (1) resprouter shrubs were promoted by
fire recurrence, (2) seedlings developed naturally under shrubs in
narrow fringes of vegetation bounded by ploughed soil, and (3)
standing immature burned trees were left onsite, most likely contributing to microclimate amelioration. As compared to naturally
recruited seedlings at the ridges of the strips, planted seedlings
at the troughs were not benefited by mechanical site preparation
and plant cover elimination (see Löf et al., 2012) and allocated
more biomass to roots (i.e., higher values of the root/aerial dry
weight ratio).
These findings, therefore, imply that additional management
measures (i.e., a new specific local management scheme) should
be undertaken to counteract the negative effects of plant competition on seedling performance after large high-severity fires, especially where very frequent with short between-fire intervals (de
las Heras et al., 2012; Moreira et al., 2012). When the main restoration goal is fast recovery of the pre-fire vegetation following large
stand-replacing fires, as in the study site, we, thus, recommend:
(i) the partial cutting of dead trees as an alternative to salvage
logging to retain some snags that favour seedling growth
avoiding belowground competition (Castro et al., 2011),
where a sufficient number of seedlings is naturally recruited
after one large fire (i.e., no action is the best option since
planting or seeding are unnecessary; de las Heras et al.,
2012; Moreira et al., 2012) and local inhabitants demand
compensatory burned timber selling;
(ii) direct seeding to mimic massive seed rain immediately after
fire, leaving unprofitable immature burned trees in place to
act as potential nurses buffering microclimate conditions
(Castro et al., 2011; Marzano et al., 2013) and enhancing soil
fertility (Marañón-Jiménez and Castro, 2013), instead of subsoiling and planting of seedlings (relatively expensive compared to direct seeding; Moreira et al., 2012), where
recruitment is undermined by frequent large fires and slopes
are smooth (i.e., active restoration with seeds originating
from nearby stands with the same serotiny level; de las
Heras et al., 2012; Gil et al., 2009); in this case, increasing
the amount of fine woody debris prior to seeding could aid
the protection of seeds from predation and adverse climate
(Madrigal et al., 2005; Rodríguez et al., 2008; RodríguezGarcía et al., 2010); and
(iii) either nurse-based planting of seedlings in manually-dug
holes close to standing immature burned trees (i.e., active
restoration with seedlings grown from seeds collected in
nearby stands; de las Heras et al., 2012) or alternately allowing natural succession to resprouter-dominated shrublands
highly-adapted to recurrent fires (i.e., forest conversion to
an alternative successional stage; Gavinet et al., 2016;
Moreira et al., 2012), rather than seeding, where recruitment
is lessened by repeated fires and slopes are steep and stony.
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Next to the suggested post-fire management operations, we further endorse the application of ecologically-sound fuel reduction
treatments planned at the landscape scale (Dunn and Bailey,
2015; Finney et al., 2007; Lehmkuhl et al., 2007; Loehle, 2004) to
decrease plant (pioneer shrubs and tree seedlings) competition
and the amount of aboveground biomass available for the next fire
(see de las Heras et al., 2012; Moreira et al., 2012; Pausas and
Paula, 2012). Fuel reduction should be, however, applied after
the third growing season following fire, when pine seedlings grow
exponentially and the positive effects of nurse shrubs on seedling
height have reached their maximum value (see Calvo et al.,
2008). Like in other fire-prone Mediterranean ecosystems under
even more frequent and intense fire regimes (Doblas-Miranda
et al., 2014; Moreira et al., 2011; Pausas et al., 2008), post-fire fuel
management strategies that reduce the risk of wildfires and
increase ecosystem resilience to recurrent fires would be essential
for achieving rapid post-fire recovery at the lowest cost (Loepfe
et al., 2010; Moreira et al., 2011; Vallejo et al., 2012).

5. Conclusions
Our study provides empirical evidence of the combined effect of
recurrent large high-severity fires and conventional post-fire management practices (salvage logging, direct seeding, and linear subsoiling plus seedling planting) on maritime pine seedling
recruitment and growth, and, ultimately, on ecosystem recovery,
at early stages of succession. Delayed salvage logging of burned
trees that were manually dragged had no significant effect on pine
seedling establishment after a single large fire event. Two subsequent large stand-replacing fires with short return interval
(<14 years) reduced pine seedling recruitment and promoted
resprouter shrubs. Post-fire manual seeding did not amend the
lessened pine tree recruitment following the two large fires, very
likely due to site conditions (e.g., high stone and low fine woody
debris coverage). The performance of planted seedlings at the
troughs of linear strips was not aided by mechanical site preparation and plant cover elimination, as compared to naturally
recruited seedlings at the ridges of the strips. In all managed
stands, pine seedlings under shrubs exhibited greater annual
growth and height, and lower aerial and root biomass than seedlings in open ground, indicating net competition for resources.
Competition between naturally recruited pine seedlings and
shrubs (inter-specific competition) was strengthened by the occurrence of neighbouring seedlings (intra-specific competition) and by
mechanical site preparation prior to planting of seedlings. Overall,
the recurrence of large fires influenced initial pine seedling establishment, and prevailed over the impact of the following management operations. These findings, hence, entail that alternative
management measures should be undertaken to improve pine
seedling recruitment and counteract the negative effects of plant
competition on seedling performance after large high-severity
fires, especially where very frequent with short between-fire intervals, and when the main restoration goal is the fast recovery of the
pre-fire vegetation.
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