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Abstract

Aleppo pine is the most widespread pine species around the Mediterranean Basin. Its post-fire
recruitment has been studied in depth, but regeneration of mature stands in fire-free
conditions has received considerably less attention. This study examines the impact of
different site preparation treatments on pine recruitment using three experimental mature
stands along a gradient of site fertility in southeastern France. The stands were partially felled
and subjected to the following treatments replicated four times on each site: mechanical
chopping (all sites), chopping followed by single soil scarification (all sites) or double
scarification (2 sites), controlled fire of low intensity (2 sites) or of high intensity (1 site) and
control (all sites). In addition, the influence of slash, either left on the soil or removed before
treatments, was tested for the single scarification treatment on two of the sites. Pine
regeneration was counted and soil cover conditions described at different time intervals: 1 to 6
years after the end of the treatments for two sites and 1 to 16 years for one site. Seedling
dimensions were determined during the last count. Mean seedling densities after 6-9 years
(0.57—1.06 pines/f were comparable to those found in post-fire conditions, although with a
narower range. Pine density was negligible in the control, while chopping followed by a
single soil scarification emerged as the most favourable treatment tested in the three sites on
seedling density (0.74-1.54 pined/aiter 6-9 years) and seedling growth. For this treatment,
the amount of slash had a contrasting influence on pine density according to site conditions.
Double scarification did not affect pine density. Controlled high intensity fire, due to slash
presence, was very favourable for pine regeneration (2.35 pfeslthough this treatment

was only tested at one site. Lastly, we found low pine densities in the chopping and low-
intensity controlled fire treatments (0.20 to 0.56 pinés/Mdariation in herb cover was a
major factor influencing pine recruitment. This study emphasises the need for adapted site

preparation treatments to regenerate mature pine stands in southern Europe.

Key-words: Pinus halepensis Mechanical treatment, Soil scarification, Controlled fire

Soil cover conditions
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I ntroduction

Plant recruitment is a key phase in plant population and community dynamics (Nathan and
Ne’eman 2004), particularly in forest ecosystems, and foresters have devoted much effort to
obtaining natural regeneration in ageing stands. However, regeneration of mature stands is
challenging in the Mediterranean forests due essentially to limitations of seed and seedling
establishment (e.g. Acacio et al., 2007; Mendoza et al. 2009; Smit et al., 2009), driven mainly
by abiotic constraints such as drought (Castro et al. 2004), but also by high pressure from
herbivores (Baraza et al. 2006) and sometimes inappropriate management techniques (Pulido
et al. 2001).

In this study we examined the influence of different types of silvicultural treatments on
Aleppo pine Pinus halepensis) recruitment in various environmental conditionB.
halepensis (subsp.halepensis and brutia) is the most widespread coniferous species in the
Mediterranean area, covering some 6.8 million hectares in the Mediterranean Basin (Barbéro
et al., 1998). This pine exhibits a dual life history strategy characterized by its efficiency in
exploiting new establishment opportunities generated by various disturbances in the absence
or in the presence of fire (Ne’eman et al., 2004). Its capacity to colonise disturbed sites in fire-
free conditions is illustrated by the fast expansion of this species after land abandonment in
southern France - from to 135 000 to 250 000 ha in less than 5 decades - and its ability to
invade unburned disturbed areas in the southern hemisphere (Richardson, 2000). After a fire,
recruitment of Aleppo pine, like other post-fire regenerating serotinous pines, is generally
profuse though variable (Pausas et al., 2004a) and has been studied in depth (e.g. Trabaud et
al., 1985, Daskalakou and Thanos 1996, Arianoutsou and Ne’eman 2000). In contrast, in the
absence of fire, seedlings rarely establish beneath pine canopy and various explanations have
been suggested such as light limitation, seed predation, needle layer effect (Arianoutsou and
Ne’eman, 2000, Nathan and Ne’eman, 2004). Some studies performieshusnpinaster,

another European Mediterranean pine with similar ecological traits, also showed the
importance of percentage of litter cover on natural regeneration (Rodriguez-Garcia et al.,
2010) as well as the influence of coarse woody debris on post-fire recruitment (Castro et al.,
2011). As no clear single key factor has been put forward to explain lack of regeneration of
Aleppo pine in fire-free conditions, recruitment has been depicted as fairly unpredictable
(Nathan and Ne’eman, 2004). In the course of succession in mesic or sub-humid areas,
Aleppo pine is progressively replaced by hardwood species, mostly oaks spudy @s ilex

and Quercus pubescens, leading first to mixed stands and then to pure oak stands (Barbéro et
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al., 1998; Zavala et al., 2000). Therefore, in the absence of external disturbances, elimination
of the Aleppo pine is likely to occur over the long term. However, maintaining Aleppo pine,

in pure or mixed stands, is of importance for forest managers for both economic and
ecological reasons. In productive areas with low fire risk, managers can target forest
production by favouring pines, whereas in more fire-prone landscapes, pines and hardwood
species (especially oaks) can be combined to take advantage of the faster growth of pines and
the high resprouting capacity of oaks for fire resilience (Pausas et al., 2004b).

Like other pine species, regeneration of Aleppo pine is challenging in fire-free conditions and
previous studies in natural coniferous mature stands of the temperate and boreal zones have
shown that successful recruitment, early growth and survival can be strongly influenced by
soil preparation and ground vegetation control treatments (e.g. see reviews by Balandier et al.,
2006 and Wiensczyk et al., 2011). However, experiments testing impacts of such treatments
in coniferous Mediterranean stands are scant (Prévosto and Ripert, 2008), even though
silvicultural treatments may gain importance in the future for ensuring regeneration under
climatic changes (Scarascia-Mugnozza et al., 2000; Spiecker, 2003).

In a previous field experiment, we showed that adapted site preparation treatments could have
positive effects on pine regeneration over a short period after treatment application (Prévosto
and Ripert, 2008). In this study, we sought to determine whether these first results held over a
longer period of observation, and how variations in soil and climatic site conditions could
influence seedling establishment, by integrating the results of two other field experimental
sites. More specifically, our objectives were (i) to determine the impacts of vegetation and
soil treatments on pine regeneration including emergence, survival and growth and (ii) to
explain how these treatments determined soil cover conditions, which in turn influence pine

recruitment.
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Materials and Methods

Site description

Three experimental sites located in southern France (Fig. 1) were selected along a gradient of
soil fertility. The first and least productive site (Barbentane) is located on a gentle north-
facing slope (altitude 105 m) and has a meso-Mediterranean climate characterised by a dry,
hot summer. Mean annual rainfall, computed over the period 1961-96, is 673 mm and the
mean annual temperature is 14 °C (Table 1). Soils are shallow calcareous, 10 to 20 cm deep,
with a heavy stone load. The vegetation is dominated by a mature 90-100-year-old Aleppo
pine forest (dominant height 12 m) with a weakly developed shrub layer compd3exusf
sempervirens, Quercusilex and Quercus coccifera. Brachypodium retusum is the most
abundant species in the herbaceous layer.

Figure 1

The second site (Saint-Cannat, altitude 245 m) lays on a flat area with a climate comparable
to that of the first site: mean rainfall 620 mm and mean temperature 13.3 °C. Soils are also
calcareous but deeper (30 cm) than in the first site and the limestone bedrock is more
fractured. These features, plus the fact that the area had been cultivated in the past, gives a
higher soil fertility than in Barbentane. The vegetation is composed of a 60-90-year-old
Aleppo pine tree layer (dominant height 15 m), a developed shrub layer dominated by
Q. coccifera and secondarily bylex parviflorus and Phillyrea angustifolia and a sparse
herbaceous layer.

The third site (Vaison-la-Romaine, hereafter Vaison, altitude 300m) is located on a gentle
northeast-facing slope further north than the two previous sites. The climate is wetter (mean
rainfall 761 mm) and colder (mean temperature 12.3°C). Soils are also deeper (30-50 cm), the
bedrock being composed of a micritic limestone. A mature 70-90-year-old Aleppo pine stand
(dominant height 16 m) forms the upper tree layer, the subcanopy layer was well developed
and dominated b®. pubescens andQ. ilex, and the herbaceous layer was composed mainly

of Brachypodium phoenicoides.

Table 1

Treatments and experimental design
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The three sites were all partially felled (regeneration cut) before treatment application during
winter 2004-05 for Barbentane, winter 2002—-03 for Vaison and winter 1990-91 for Saint-
Cannat (Table 1). The basal areas remaining after the cuts were respectively 12, 10 and
9.5 nf/ha for Barbentane, Saint-Cannat and Vaison. Timber was removed in all sites, but
logging slash, mainly composed of tree canopy branches, were either left on the ground

(noted hereafter _S1) or removed (noted _S0) depending on sites and treatments (see below).

Barbentane

Treatments were applied during winter and early spring 2005. A complete description of all
the treatments applied in this site is available in Prévosto and Ripert (2008). We recall below
the main characteristics of the seven treatments used in this study. They consisted in (Table
2):

(1) Ground vegetation chopping: this mechanical treatment reduces all branches, shrubs
and wood pieces up to 15 cm to small fragments; it was performed in the presence of
slash (CHOP_S1),

(i) Chopping followed by scarification of the soil in one direction in the presence of slash
(SCA_S1),

(i) Chopping followed by scarification of the soil in one direction with slash removed
beforehand (SCA1_SO0),

(iv) Chopping followed by scarification in two perpendicular directions with slash left
(SCA2_S1),

v) Controlled intense fire in the presence of slash, leaving only ashes on the soll
(FIRE_S1),

(vi) Controlled fire of low intensity without slash, ground vegetation and litter being only
partially burned (FIRE_SO0),

(vii)  Control: no treatment applied (CONT).

Treatments were applied on 208 piots and replicated four times using four 2800btocks
(oneblock included all the treatments).
Saint-Cannat

Four treatments were applied in 1995 and consisted of:
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(1) Chopping with slash (CHOP_S1),

(i) Chopping with slash followed by scarification (SCA1_S1),
(i) Low-intensity controlled fire (FIRE_SO0),

(iv) Control (CONT).

Treatments were applied on 208 piots and replicated four times using four 1000btocks

(one bbck included all the treatments).

Vaison

Five treatments were applied during winter 2004—05:

(1) Chopping with slash (CHOP_S1)

(i) Chopping without slash followed by soil scarification in one direction (SCA1_SO0)

(i) Chopping with slash followed by soil scarification in one direction (SCA1_S1)

(iv) Chopping with slash followed by soil scarification in two perpendicular directions
(SCA2_S1),

v) Control (CONT).

Treatments were applied on plots from 600 to 206Qnrean 1120 /) and replicated four
times, except for the control, which was replicated twice, using four blocks (one block
included all the treatments) ranging from 4000 to 6960 m

Table 2

Sampling and measurements

In all three sites, sampling was done in each plot using dubsplots regularly installed along

2 to 5 transects. In Barbentane, 15 subplots were used per plot, except in the control (10
subplots), resulting in a total of 400 subplots for the whole experiment. In Saint-Cannat, 36
subplots were used per plot (total 576 subplots) and Vaison 20 to 21 subplots per plot (total
369 subplots).

In each subplot, live pine seedlings were counted and soil surface description was carried out
at the end of the growing season at years 1 to 6 after the end of the treatments in Barbentane,

atyears 1, 3, 9 and 16 in Saint-Cannat and at years 1, 2, 3 and 6 in Vaison.
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Soil surface description consisted in visually estimating the cover in bare soil, grass, shrub,
and litter using an abundance dominance coefficient derived from the Braun-Blanquet
method: 1 presence, 2 < 5%, 3 = [5-25%][, 4 = [25-50%], 5 = [50-75%, 6 = [75-100%]. For
subsequent computations the centre of each class was used. In each site, during the last count

we measured seedling height and stem diameter of all seedlings older than 1 year.

Data analysis

Pine density did not meet ANOVA conditions even after mathematical transformations, as our
data sets exhibited over-dispersion and an excessive number of zeros. Previous analyses (not
shown) demonstrated that density was adequately modelled by a negative binomial law. We
therefore ran generalised linear models (GLM) for each site using a negative binomial
relationships to test the effects of treatment used a categorical variable, time and soil cover
conditions used as quantitative variables (procedure ‘gim.nb’ of the ‘MASS’ package, R
software). If treatment effect was found significant, we then used non-parametric multiple
comparisons following the method proposed by Siegel and Castellan (1988) to detect
significant differences R < 0.05) among the treatments. To analyse the influence of the
treatments and time on soil covers in bare soil, herb and shrub we also produced GLM models
(procedure ‘glm’ of the ‘car’ package, R software). Height data were log-transformed to meet
the conditions of normality and homogeneity of variances. Classical ANOVAs followed by
Tukey post hoc tests were then performed to detect significant differerfees0.05) among

the treatments.
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Resaults

Effects of treatments and soil surface conditions on pine density

Pine density varied with time and was significantly influenced by the treatments in all sites
(Table 3).

Table 3

Pine density peaked at 2—-3 years for all sites (Fig.2) and then moderately decreased for
Barbentane and Vaison. By contrast, density fell sharply in Saint-Cannat from 2.10 pines/m
at 3 years to 0.58 pinesfmat 9 years (all treatments together), due to an infestation by the

fungal plant pathogen Crumenolopsis sororia, which killed a large number of seedlings.

Figure 2

In all three sites, chopping followed by a single scarification emerged as the most favourable
treatment. It was noteworthy that presence or absence slash did matter; pine density was
higher with slash in Barbentane than without slash, whereas the reverse was true in Vaison.
Surprisingly, chopping followed by a double scarification, tested in Vaison and Barbentane,
led to lower pine densities than the previous treatment. It was also largely less favourable to
regeneration than the high-intensity controlled fire treatment (FIRE_S1). This latter treatment
proved to be as efficient as the single scarification treatment, although it was tested at only
one site. By contrast, lower pine densities were recorded after low-intensity fire treatment
(FIRE_SO, Barbentane and Saint-Cannat) and after the chopping treatment (all sites). Lastly,
the absence of any interventions in the control prevented seedlings becoming established or
only at a very low density.

Herb cover emerged as the most significant soil surface descriptor influencing pine density in
all sites whereas shrub an soil cover had a contrasting and less significant influence (Table 3).
Herb cover, mainly composed of grass species in particular Brachypodium retimsum

Barbentane and Saint-Cannat and Brachypodium phoenicoideg’aison, exerted a clear

detrimental influence on pine density.
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Influence of treatments on soil surface conditions

Treatments and time strongly influenced soil surface conditions (Table 4).

Table 4

As expected, bare soil cover was higher in the scarification treatments (single or double) and
in the high-intensity controlled fire treatment than in the other treatments (Fig. 3). It strongly
decreased with time for all the sites, falling in three years from 24% to 5% in Barbentane (all
treatment included), from 10% to 4% in Saint-Cannat and from 62% to 16% in Vaison. The
decrease was less pronounced in the following years, but after 6 years (9 years for Saint-
Cannat) soil cover was less than 3% in all sites.

In contrast to bare soil cover, herb cover sharply increased in the years following treatment
application at all the sites. However, the increase was moderate from 3 years to 9 years in
Saint-Cannat (from 29% to 33%) and then fell to 7%, whereas it was more pronounced in
Barbentane and Vaison, reaching respective mean values of 43% and 51%. Scarification
treatments proved more favourable to herb cover development than the chopping and the
control treatments for Vaison and Saint-Cannat, whereas only the high-intensity controlled
fire treatment constantly reduced herb cover in Barbentane (#9%6% for the other
treatments).

Shrub cover gradually increased with time in all sites and for all treatments except for the
control treatment, where the increase was null or moderate. Shrub cover was higher in Saint-
Cannat (69% at 9 years) than in Barbentane (35% at 6 years) and Vaison (45% at 6 years),
related to a weaker herb development as seen above. Chopping in Saint-Cannat and Vaison
and high-intensity controlled fire in Barbentane were the treatments most favourable to shrub
development. In contrast, scarification and low-intensity controlled fire were less favourable

to shrub cover (see also Table 4).

Figure 3

10
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305 Seedling dimensions
306

307 Six years after the end of treatments, height was greater in the treatments with scarification

308 than in the other treatments in Barbentane and Vaison (Fig. 4). This positive effect of
309 scarification was still noted after 16 years in Saint-Cannat. We recorded similar results when
310 examining seedling mean stem diameter (data not shown).

311

312 Figure 4

11
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Discussion

Seedling density

There are now a considerable number of studies on Aleppo pine post-fire regeneration
(e.g. Arianoutsou and Ne’eman, 2000; Nathan and Ne’eman, 2004; Daskalakou and Thanos,
2010), but to our knowledge this is the first one that focuses on pine regeneration in fire-free
conditions using long-term permanent field experiments.

Mean pine densities found in this study a few years after treatment application (i.e., 1.06, 0.70
and 0.57 pines/frfor the three sites at 6-9 years) were comparable to those usually recorded
in pog-fire conditions. For instance, 1.24 pine$ivere reported by Pausas et al. (2004a) in
easern Spain 8-9 years after fires, 1.00 pinésiim8-year-old post-fire woodlands in NE

Spah (Papi6, 1994 reported in Pausas et al., 2004a) and 0.3-0.5 Sibgsirabaud et al.

(1985) in SE France. However, variations in densities recorded among our different
treatments and sites (min. 0.05 to max. 2.33 pin@sirare far narrower than those reported

in pog-fire studies; e.g., Pausas et al. 2004a recorded variations from 0.006 to 20.4%pines/m
and Titoni (1997) from 0.3 to 17 pines/nmNatural regeneration in fire-free conditions was

in fact subject to less variability of the abiotic and biotic factors; in particular, seed rain was
more controlled. Seed source was assured in our experiments by mature trees only, which
occurred in similar proportions in the different sites (basal areas 9.5%42)nBy contrast,

in pod-fire conditions, seed rain was largely dependent on fire conditions and stand
characteristics. The release, after a fire event, of large aerial seed bank canopies of dense
mature pine stands may lead, in conjunction with favourable climatic conditions, to the
establishment of a “single massive wave” of seedlings during the first post-fire rainy season
(Daskalakou and Thanos, 2004, 2010). By contrast, seed rain can be greatly reduced in young
and sparse stands, thus severely limiting pine recruitment. This process explains the much
higher fluctuations of densities recorded in post-fire studies than in our less variable
conditions. It also explains why our pine densities peaked later (2—3 years) than in post-fire
conditions where densities usually peaked in the first year following the fire (e.g. Daskalakou
and Thanos, 2010).

12
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Influence of treatments

This study confirmed the influence of site preparation treatments on pine establishment, a
finding that was previously established in one site (Barbentane) over a shorter period (3 years)
(Prévosto and Ripert, 2008). Chopping followed by a single scarification (i.e. scarification in
one direction) clearly appeared as the most favourable treatment in all three sites. Aleppo
pines, like other pines species of temperate or boreal areas, require substantial disturbance of
the forest floor to become successfully established (e.g. Beland et al., 2000; Nilsson et al.,
2006; Wiensczyk et al., 2011). Scarification was associated with greater bare soil abundance
and a temporal reduction of the herb cover, a factor that was clearly favourable to pine
recruitment for all three sites. However, the presence of slash before the treatment application,
tested in two sites, played either a positive (Barbentane) or negative (Vaison) role on pine
density. The role of slash in pine recruitment is imperfectly known and diverse. Slash can
exert a positive influence on pine regeneration by reducing soil temperature (Devine and
Harrington, 2007) (although this advantage can shift to a disadvantage in colder areas), by
increasing the number of cones offering an additional seed source, by improving soil moisture
and by curbing vegetation competition (Johansson et al., 2006). Slash can also act as nurse
objects that can improve microclimatic conditions and enhance pine seedling recruitment
(Castro et al., 2011). Conversely, heavy slash loads can reduce the effectiveness of
scarification (Landhausser, 2009), create an unfavourable fluffy soil layer and possibly
enhance release of autotoxic compounds (Fernandez et al., 2008). In the Barbentane site, the
positive effect of slash can be explained by limitation of herb cover (20% cover after 3 years
instead of 32% without slash) as herb cover was clearly detrimental to pine establishment. In
Vaison, explanations for the positive effect of slash removal were, however, less easy to find,
although soil cover was slightly increased in the first year following this operation \{§9%

63%).

Surprisingly, chopping followed by a double scarification with slash presence was less
(Barbentane) or no more (Vaison) favourable than a single scarification with slash. The
possible positive effect linked to cones in the slash could have been suppressed by a deeper
burial of the cones by more intense scarification. Also, double scarification was of less benefit
to shrub development, which in turn could influence seedling survival positively. In the harsh
abiotic conditions prevailing in Barbentane, the outcome of seedling-shrub interactions were

likely to result in facilitation due to attenuation of extreme temperature fluctuations and

13
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excessive solar radiation on young pine seedling developing beneath shrub cover (Castro et
al., 2002; Valladares et al., 2005)

The controlled fire treatments showed a contrasting effect on pine recruitment depending on
the presence or absence of slash. The low-intensity fire in the absence of slash produced less
bare soil, particularly in Saint-Cannat, and favoured herb layer development; these two factors
being unfavourable to pine regeneration. The herb layer was dominated by the grass
B. retusum, a rhizomatous perennial plant that is very competitive for water (Clary et al.,
2004) and can successfully compete with pine seedlings (Pausas et al., 2003, Maestre et al.,
2004). By contrast, the intense fire observed in the presence of slash was able to damage the
root system of this plant and also reduce soil seed banks of herbaceous species. Reduction of
the competiting herb layer thus resulted in enhanced pine recruitment. Controlled burning is
usually restricted to fire prevention in the European Mediterranean area, but this study
showed that if applied to reach a sufficient fire intensity, this method can be a valuable tool
for stand regeneration. Besides, our results on the effect of controlled fire on pine
regeneration are perfectly in line with studies performed in northern areas (e.g. Tellier et al.,
1995; Hille and den Ouden, 2004; Hancock et al., 2009), these studies also emphasising the
correlation between fire intensity and regeneration success.

Chopping in our study is, with low-intensity controlled fire, an inappropriate treatment for
forest regeneration. Disturbances generated by this treatment did not produce enough bare soil
and also, by removing only the aerial part of the ground vegetation, it did not prevent a

relatively fast redevelopment of the competing herb layer.

Solil scarification clearly has a positive effect on seedling growth even after 16 years (site of
Saint-Cannat). This result has been obtained with other pine species in northern areas
(e.g. Bedford and Sutton, 2000; Mattsson and Bergsten, 2003; Landhauser, 2009), but not in
Aleppo pine forests. Better growth after scarification could be explained by improved nutrient
and water status of the seedlings (Wetzel and Burgess, 2001) rather than by competition
limitation. Growth amelioration was not recorded in the high-intensity controlled fire,
although this treatment more severely limited the development of the competitive grass layer.
The fact that double scarification was less favourable than single scarification has no
straightforward explanation. More intense scarification could lead to a fluffy soil structure
enriched with rocks and gravel and could therefore decrease soil water capacity. However,
further studies are needed to assess more clearly the impact of scarification treatments on soil

properties and resource availability for the plant in Mediterranean regions.
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Conclusion

Aleppo pine recruitment has been almost exclusively studied after wildfires, whereas renewal
of ageing stands in fire-free conditions has been largely ignored. In productive areas with a
strong silvicultural focus, there is a need to develop techniques of natural regeneration that
provide high seedling densities to produce wood for the lumber and pulp industry (Béland et
al.,, 2000; Landhausser, 2009). In less productive areas, where different objectives are
preferred (e.g. conservation, recreation), pine regeneration can still be needed to maintain pine
in pure or in mixed stands. This study confirms that, as for other northern pine species, soll
surface disturbance is the major driver for natural pine seedling establishment and therefore
that site preparation treatments matter (e.g., see reviews by Balandier et al., 2006 and
Wiensczyk et al., 2011). In particular, treatments are essential to reduce herb competition (at
least temporarily) and allow pine recruitment.

Treatments such as chopping alone or controlled fire of low intensity are of low efficiency, as
they do not favour pine establishment and do not reduce ground vegetation competition
significantly. By contrast, chopping followed by moderate scarification clearly enhances pine
installation and growth in all sites conditions. Scarification does not need to be very intense,
and can even be detrimental to pine regeneration. Whether slash should be left or removed
before treatments is debatable, as different results were obtained according to site conditions.
This point requires further study to elucidate the influence of slash on abiotic and biotic
micro-factors. Controlled fire of high intensity is to our knowledge not used in southern
European pine forests as a tool for regeneration. This method merits further attention, as it
opens a larger time-window for recruitment than the other treatments by increasing bare soil

cover and by reducing competition on a long-term basis.
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619 Table 1. Main ecological factors and stand characteristics (before and after the regeneration
620 cut) for the three sites
621 A = altitude, P = mean annual rainfall, T = mean annual temperature, G = pine basal area, N =

622 pine density, Age = mean stand age, Ho = mean pine dominant height.

Site characteristics Initial stand Date of  Final stand
(before cut) cut (after cut)
A P T Soll G N Year Age G N Ho
(m  (mm) (°C) (mf/ha) (nb/ha) (year) (m%ha) (nb/ha) (m)
Barbentane 105 673 13.8  Superficial 20 450 2003 90 12 180 13
calcareous
soil
Saint-Cannat 245 620 13.3 Calcareousl4 80 1991 90 10 60 15
soll
Vaison 300 761 12.3 Deep 18 150 2002 85 9 92 16
calcareous
soll
623
624
625
626
627
628
629
630
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631 Table 2. Types of treatments tested in the three sites, surface used for treatment application
632 (plot size) and total number of subplots used each year for seedlings counting. Abbreviations
633 are: CONT: control, CHOP: chopping, SCA1: chopping + soil scarification in one direction,
634 SCAZ2: chopping + soil scarification in two directions; FIRE: controlled fire, _S0: no slash,
635 _S1: presence of slash prior to the treatment application.
636
637
638
CONT CHOP_S1 FIRE_SO FIRE_S1 SCA1_SO SCA1_S1 SCA2_S1 Plaibof 1nf

size  sulplots

(m?)  sampled/year
Barbentane x x x x x x x 200 400
Saint-Cannat X X X X 200 576
Vaison X X X X X 600- 369

2000
639
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640 Table 3. Results of the generalised linear models: pine density as function of treatments, time
641 (in years) and soil surface conditions (in %). Intercept values are not shown, P values are
642 coded: *** (P<0.001), ** (0.001<P<0.01), * (0.01<P<0.05) and ns (not significant, P>0.05).

643 Treatments’ abbreviations: see Table 2.

644
645
Barbentane Saint-Cannat Vaison
df deviance P df deviance P P deviance P
Treatments 6 551.5 Frk 3 892.3 Frx 4 156.5 Hx
Time 1 36.1 bl 1 370.0 rk 1 4.8 *
Herb cover 1 167.2 rk 1 31.6 ork 1 11.0 ork
Bare soil cover 1 45,9 1 2.1 ns 1 2.2 ns
Shrub cover 1 1.3 ns 1 1.7 ns 1 4.0 *
Estim. SE P Estim. SE P Estim. SE P
SCA1_S0 0.479  0.106 *** 1.065 0.089 *** 1.182 0.158 ***
SCA1_S1 1.218 0.098 *** 0.500 0.161 **
FIRE_SO -0.022 0.112 ns -0.756  0.104 ***
FIRE_S1 1.066  0.104 ***
CONT_SO0 -0.895 0.128 *** -1.373 0.117 *** -2.500 0.533 ***
SCA2_S1 0.791  0.102 *** 0.443 0.162 **
Time -0.087  0.021 *** -0.123 0.007 *** 0.163 0.038 ***
Herb cover -0.018 0.001 *** -0.007 0.002 *** -0.007 0.002 **
Bare soil cover -0.015  0.002 *** 0.004 0.003 ns 0.002 0.003 ns
Shrub cover 0.002 0.002 ns 0.002 0.001 ns -0.005 0.002 *
Deviance 24.5 40.4 13.0
expained (%)
646
647
648
649
650
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651 Table 4. Results of the generalised linear models: soil surface conditions as function of
652 treatments and time (in year). Intercept values not shown, P values are coded: *** (P<0.001),
653 **(0.001<P<0.01), * (0.01<P<0.05) and ns (not significant, P>0.05). Treatments’
654 abbreviations: see Table 2.
655
Barbentane Saint-Cannat Vaison
Deviance Herb Sall Shrub Herb Sall Shrub Herb Sall Shrub
(x103) cover cover cover cover cover cover cover cover cover
Treatment 56.5 549 1109 17.0 28.6 134.2 108.2 112.0 123.0
(%) (), (%) (%) () (%) () (), ()
Time 353.1 130.8 141.6 44.1 19.8 1723 381.6 658.5 230.9
(%) (+%) (%) (%) (%) (%) (+%) (+%) (+%)
Estimate Herb Soil Shrub Herb Soil Shrub Herb Soil Shrub
cover cover cover cover cover cover cover cover cover
SCA1 SO 2.38 6.78 -0.13 4.47 7.90 -13.09 14.39 1856 -7.75
(ns) (+%) (ns) (%) (%) (%) (+%) (+%) (+%)
SCAl _S1 -5.01 6.13 3.35 11.23 13.62 -4.68
(%) () *) () (%), (%)
FIRE_SO 1.65 6.32 -1.49 3.87 1.53 -10.31
(ns) (*) (ns) () *) (*)
FIRE_S1 -11.94 13.85 4.34
(%) (%) (%)
CONT_SO -4.47  -1.57 17.60 -2.08 -1.25 5.76 -20.27 5.16 20.46
*) (ns) () (ns) *) (*) (*) *) (*)
SCA2_S1 0.72 476 -4.36 491 18,50 -6.66
(ns) (+%) (%) (%) (+%) (+%)
Time 6.93 -4.22 4.39 -0.75 -0.50 1.48 7.78 -10.22 6.05
(%) (+%) (%) (%) (%) (%) (+%) (+%) (+%)
Deviance 23.0 36.7 23.0 4.4 15.8 16.5 32.6 53.0 30.0
explained
(%)
656
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Figure captions

Figurel. Location of the three sites in southern France

Figure 2. Changes in pine density (mean = SE) with time for the different treatments at the
three sites. Abbreviations are: CONT: control, CHOP: chopping, SCA1: chopping + soll
scarification in one direction, SCA2: chopping + soil scarification in two directions; FIRE:

controlled fire, SO: no slash, S1: presence of slash.

Figure 3. Changes in soil, herb and shrub covers (mean + SE) with time as a function of the
treatments for the three sites. Stars indicate significant differences between the treatments at
each year (* K 0.05; ** P< 0.01, *** P < 0.001). See Fig.1 for treatment abbreviations.

Figure 4. Seedling height (mean + SE) as function of the treatments for the three sites. Height

was computed for treatments with at least 30 seedlings (otherwise data not shown). Letters

indicate statistical differences between the treatments. See Fig.1 for treatment abbreviations.
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Fig. 4
Barbentane T=6 years Saint-Cannat T=16 years Vaison T=6 years
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