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Abstract (150-250 words)	
Regeneration of non-serotinous conifers following large, stand-replacing fires on the Alps is often delayed or unsuccessful. Fire may limit seed establishment by altering soil properties; the magnitude of fire-induced changes depends on the degree and duration of soil heating. Our aims were (1) to reconstruct contrasting severities of a 257 ha wildfire in an inner-alpine Scots pine forest; (2) to assess the differences in properties of soils burned under different fire severities; (3) to model the effect of the observed soil properties on the density of pine seedlings. We sampled regeneration and soils under four neighboring fire treatments (unburned, moderate, intermediate, high severity), providing that dispersal distance from seed trees was not limiting. We reconstructed fire behavior and soil temperature profile with FOFEM, tested treatment effect on soil variables, and modeled seedling density as a function of site and soil predictors. Temperature in the topsoil differed markedly between the moderate and high severity fires, reaching critical values (> 220°C) in the latter. Five years after the disturbance, high fire severity resulted in decreased soil consistency and wet aggregate stability. Burned soils had lower organic matter and cations (K, Mg) than those unburned. However, pine seedlings favored chemically and physically poorer sites, and establishment was facilitated by coarse woody debris. These results suggest that in dry, inner-alpine valleys, where seed dispersal distance is not limiting, fire effects on soils are not detrimental to Scots pine. However, high evapotranspiration rates of bare soils must be mitigated to ensure a successful restoration. 
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Introduction
Forest fire regimes in the Southern Alps are characterized by a low fire frequency and moderate fire size (Tinner et al. 2005). However, severe fire weather may occasionally result in relatively large fires. In the decade 2000-2009, a third of total burned area in alpine subdivisions of France, Italy, Switzerland and Slovenia was produced by wildfires >250 ha (Valese et al. 2011). 
Regeneration of non-serotinous conifers following large, stand-replacing fires on the Alps is often delayed or unsuccessful (Moser et al. 2010). Similar effects have been observed in the Mediterranean area (Rodrigo et al. 2004). Many limiting factors have been identified, including distance from seed trees (Vilà-Cabrera et al. 2011), short persistence of viable seeds in the soil (Nyman 1963), competition or allelopathy by herbs or sprouters (Hille and Ouden 2004), high evapotranspiration or solar radiation (Castro et al. 2004), and adverse fire effects on micorrhiza (Kipfer et al. 2011).
Fires can induce additional limitations to seed establishment and growth by altering soil properties, both at the surface and along the soil profile (Bento-Gonçalves et al. 2012). Fires can affect a wide range of soil properties, e.g., organic matter (OM) pools (González-Pérez et al. 2004), nutrient content (Neary et al. 1999), porosity (Giovannini et al. 1990), water repellency (Doerr et al. 2010), and aggregate stability (Mataix-Solera et al. 2011). 
The magnitude and temporal extent of fire-induced changes depend on fire severity, i.e., organic matter consumption (Keeley 2009), and in particular on the resulting soil heating (Table 1). When temperatures able to alter soil properties are reached, soil resilience, i.e., the capability to recover after severe stress (Seybold et al. 1999), can be compromised, sometimes permanently (Certini 2005).
Soil aggregate stability exhibits a complex response to fire, depending on peak temperatures during combustion, their residence time, and pre-fire soil properties (e.g., moisture). Under moderate and high fire severities, aggregate stability is often reduced, mainly due to the consumption of organic cements (Llovet et al. 2009; Úbeda et al. 2005). A lower aggregate stability may in turn determine a reduction of soil overall quality (Díaz-Raviña et al. 2012) and resilience to external perturbations (Jaiyeoba and Ologe 1990), with adverse on-site effects on plant growth and survival (Russell 1973), and increased runoff and water erosion (Moody et al. 2008; Shakesby 2011). In the Alps, such effects have not been widely inquired, as opposed to boreal (Hatten et al. 2005) and Mediterranean ecosystems (Certini et al. 2011). 
The aims of this paper are (1) to reconstruct contrasting severities of a wildfire occurred in an inner-alpine Scots pine (Pinus sylvestris L.) forest; (2) to assess the differences in properties of soils burned under different fire severities; (3) to model the effect of a wide range of soil properties on the density of pine seedlings, under the hypothesis that fire-induced modifications in soil physical and chemical characteristics affect their establishment.

Materials and Methods
1) Study area
The study area is a wildfire that occurred on 12th March 2005 in the municipalities of Nus and Verrayes, central Valle d'Aosta, NW Italian Alps (45°76’40'' N, 7°49’32'' E). The bedrock is made by gravitative sediments rich in ophiolite and schist. In the study area Entisols largely dominate (DISAFA, soil map, unpublished data). They are characterized by coarse texture (sandy), moderate skeleton content (3-15%), with a typical sequence of O-A-C horizons. No diagnostic horizons are detectable.
Mean annual temperature is 5.6°C, and mean annual precipitation is 750 mm (Marzano et al. 2013). February is the driest month, coinciding with the main peak of the fire season. The south-facing slopes of central Valle d'Aosta experience the highest fire danger rating and fire frequency in the region, because of the negative evapotranspiration balance that results from high temperatures and a local precipitation minimum (Cesti and Cerise 1992). Dry, warm foehn winds blow across the region for an average 14 days per year, with the effect of decreasing fuel moisture, increasing winter air temperatures, and sustaining the spread of ensuing flame fronts 
The fire burned 257 ha of forest land. The vegetation was represented by a mature, even-aged conifer forest, dominated by Scots pine (77% basal area on average) with mixed larch (Larix decidua Mill.: 15%) and spruce (Picea abies Karst.: 7%), and sporadic (1%) but locally dense broadleaves, such as downy oak (Quercus pubescens Willd.), aspen (Populus tremula L.), birch (Betula pendula Roth.) and ash (Fraxinus excelsior L.). Pre-fire stands had 1443 trees per hectare on average (standard deviation: 658.9), a quadratic mean diameter of 17.5 ± 1.75 cm, a basal area of 32.7 ± 10.45 m2 ha-1, and a dominant height of about 15 m (data from pre-fire regional forest inventory survey, 4 plots within the fire perimeter: Figure 1). Approximate stand age was 60 years, with sporadic older trees (maximum age: 122 years). The fuel complex was composed by a 4-cm thick litter (Oi) of needles, oak leaves and fine woody debris and a 4-cm thick duff layer (Oa). Litter, dead woody fuels and surface fuels (Arctostaphyls uva-ursi (L.) Spreng., Bromus erectus Huds.) carried surface fire spread. A patchy understory of shrubs (e.g., Juniperus communis L., Rubus idaeus L.) and the lower pine branches acted as elevated and ladder fuels, respectively, for crown fire initiation. The fire started at the urban-interface at 1190 m a.s.l. and spread up to 1900 m a.s.l. as a slope and wind-driven fire. Several spotting events were observed. At the time of maximum spread, foehn winds were blowing at an average speed of 41 km h-1, with gusts of 60 km h-1 (Valese 2008); air moisture was reduced to 8%, while the Fire Weather Index at the site was 79.65; moisture content of dead woody fuels (0.6-2.5 cm) was 12% (Cesti 2011). Active crown fire occurred on 62% of the burned area (Figure 1), while the rest experienced surface fire displaying a flank of back fire behavior (source: Corpo Forestale Regionale Valle d'Aosta). The fire resulted in a mixed severity pattern: high severity in active crown fire areas, moderate after flank-back fire. 
The fire was extinguished after 9 days. In the year 2009, the area affected by crown fire was salvage logged according to consolidated post-fire management practices (Marzano et al. 2013). All trees within the crown fire perimeter, either standing or lying on the ground, were debranched and harvested. Branches were cut to <1 m length and piled in the vicinity of boulders, stumps, or mounds. Logging was carried out by cable. 

2) Fire simulation
Fire behavior and severity was simulated using FOFEM version 6 (Lutes 2013), that provides quantitative predictions of fire intensity, fuel consumption, and associated soil heating (peak temperatures and residence times). Required inputs are soil texture, fuel size classes loadings (i.e., litter, 1 hour (hr) dead woody fuels with a diameter of 0-0.6 cm, 10 hr dead woody fuels 0.6-2.5 cm in diameter, 100 hr dead woody fuels 2.5-7.5 cm in diameter, 1000 hr dead woody fuels >7.5 cm in diameter, herbs, shrubs, and tree crown foliage and branches), percent canopy fuel consumption, and moisture content of 10 hr and 1000 hr dead woody fuels, and of the soil. 
Fuel inputs were computed combining destructive and non-destructive sampling techniques. In four random locations of the unburned forest, we measured diameter at breast height (dbh) of each living tree within a circular fuel survey plot (radius = 10 m), and established three transects arranged in a concentric triangular plot (10 m per side). We assessed the volume of 100 hr and 1000 hr dead woody fuels by a line intercept sampling along the three transects, and their loading by applying a specific gravity of 412 kg m-3 (FCCS Table 2[footnoteRef:1]) (Ottmar et al. 2007). Every 3 m along the transects, we collected (a) cones, and 100 hr dead woody in 100x100 cm quadrats, (b) litter, 1 hr dead woody fuels and herbs in 40x40 cm quadrats, and (c) duff using a hollow metal sampling cylinder (diameter =10 cm, height =2 cm). All samples were oven dried (105°C for 48-72 hours), sieved, and weighted. The dry weight of duff was used to compute duff bulk density (i.e., 0.177 g cm-3, standard error 0.006 g cm-3) and loading per hectare. Cone loadings were added to 100 hr dead woody fuels. Tree crown foliage mass was allometrically determined as a function of dbh for each pine in the plots (Riaño et al. 2004); branch mass was computed as 0.7 * foliage mass (Vanninen and Mäkelä 2005). All fuel loadings were averaged and entered in FOFEM. [1:  http://www.fs.fed.us/pnw/fera/fccs/inferred_variables/table2_metric/table2_metric.htm] 

Soil texture was set as coarse-loamy, i.e., > 15% fine sand or coarser, including fragments up to 7.5 cm in diameter, and < 18% clay in the fine-earth fraction. The moisture content of the 0.6-2.5 cm dead woody fuel class was set as 12%, as was measured in the field during wildfire propagation (Cesti 2011). Moisture of the remaining fuel classes was set proportionally, by applying inter-class moisture ratios from the “very-dry” scenario in FOFEM, and was set to 40%, 17% and 10%, for duff, 1000 hr dead woody fuels, and soil, respectively. Using this moisture scenario, we simulated: (a) fire intensity, by setting crown fuel consumption to 100% and 0% in the high and moderate severity treatment, respectively; (b) soil temperatures and residence times at the soil surface, and at increasing depth up to 5 cm in the soil, by using the Duff Fire Model, which computes soil heating as a function of duff consumed during a smoldering combustion in a given moisture scenario and soil texture(Lutes 2013). In order to simulate the high severity treatment, we instructed the model to simulate complete duff consumption. 

3) Field sampling of regeneration and soil
After preliminary survey of the fire perimeter, we selected a site where (1) establishment of Scots pine had already occurred, and (2) an unburned, moderate severity surface flank-back fire, and high severity crown fire treatment could be sampled within a relatively constant slope, elevation and aspect. 
Field sampling was carried out 5 years after fire. We randomly established five circular sampling plots (R =3 m) in each of the following four treatments: unburned, moderate severity, high severity, and intermediate severity (i.e., on the boundary between the moderate and high severity areas (Figure 1). We set the distance between plots from a minimum of 7 m, in order to avoid overlap, to a maximum of 25 m, in order to minimize intra-treatment variability, separated plots. In each plot we recorder the canopy cover of surviving trees, percent soil cover by shrubs, herbs, rocks and bare ground, and coarse woody debris (all by visual assessment), and the density (N), root collar diameter (RCD), age by whorl count, and height of all Scots pine seedlings. At the center of each plot we sampled the topsoil (A horizon) at a depth of 0 to 5 cm below the litter and duff layers, that were discarded. Skeleton content (% volume) was assessed in the field. 

4) Soil analyses
Soil samples were oven dried and sieved. In the lab, we carried out the following analyses: (1) soil pH was determined potentiometrically (Società Italiana di Scienza del Suolo 2000); (2) total organic carbon (TOC) and total nitrogen content (TN) were determined by dry combustion with Carlo Erba elemental analyzer; (3) cation exchange capacity (CEC) was measured with the BaCl2-triethanolamine method at pH 8.1 (Rhoades 1982), and exchangeable cations were subsequently determined by AAS (atomic absorption spectrophotometer); (3) base saturation was computed from the previous analysis; (5) soil texture was determined by the pipette method after dispersion with Na-hexametaphosphate (Gee and Bauder 1986); (6) wet aggregate stability (WAS) was determined by wet sieving using different sieving times (5, 10, 15, 20, 40, 60 min) (Zanini et al. 1998). Three parameters of fitted breakdown curves were considered: incipient failure of the aggregates when water-saturated (WAS a), maximum estimated abrasion loss (WAS b), time parameter (WAS c); (7) the Atterberg liquid limit (LL) was determined with a semi-automatic cone penetrometer and the plastic limit (PL) by the thread rolling method (Società Italiana di Scienza del Suolo 2000). Atterberg limits represent the gravimetric water content (%) needed for the transition of a soil sample from the semisolid to plastic state (PL), and from the plastic to the liquid state (LL). Liquid and plastic limits are related to soil structure and organic matter content (Dexter et al. 2008; Keller and Dexter 2012), and have been proposed as indicators of soil aggregation and vulnerability for alpine soils, in a watershed that includes the study area (Stanchi et al. 2008; Stanchi et al. 2012).
All analyses and physical determinations were performed in duplicate, and then averaged.

5) Statistical analysis
In order to test treatment effect, regeneration and soil variables were compared across treatments by means of non-parametric Kruskal-Wallis test with Tukey’s post-hoc test (p =0.05), under a null hypothesis of no differences between treatments. To describe the joint effect of site and soil properties on pine recruitment, we fitted a zero-inflated General Linear Model (GLM) to pine seedling density (fitted by a negative binomial distribution in order to account for overdispersion), pooling data from the three fire treatments (i.e., excluding unburned plots). Predictors included canopy cover of surviving trees, percent soil cover by class, and all soil variables described above. We assumed that salvage logging did not determine additional effects on soils, since it was operated by cable (Dryness et al. 1957). All predictors were standardized so that regression coefficients could be compared for relative effect size, and screened for collinearity. In order to avoid overfitting due to the relatively small sample size, we retained only predictors with absolute Pearson’s R <0.5 when analyzed for pairwise correlation. A stepwise procedure based on Akaike Information Criterion (AIC) was used to fit the models using the stepAIC function in the package MASS version 7.3.23 (Venables and Ripley 2002)for the R framework, version 15.2 (R Core Team 2012). In order to assess the explanatory power of soil variables on pine regeneration density, the best-fitting GLM was compared against a “neutral” model based on distance from the crown fire perimeter and percent soil cover classes. A higher deviance explained (dev) and lower AIC were indicative of the better model. 

Results
Average fuel loadings inputs in FOFEM were as follows: litter 4.42 t ha-1, duff 70.67 t ha-1, 1 hr dead woody 1.63 t ha-1, 10 hr dead woody 1.95 t ha-1, 100 hr dead woody 4.45 t ha-1, 1000 hr dead woody 3.31 t ha-1, herbs 0.02 t ha-1, shrubs 3.71 t ha-1, tree crown foliage 7.41 t ha-1 and branches 5.19 t ha-1. 
Fire behavior simulations produced a fire intensity of 520 and 240 kW m-2 in the high and moderate severity treatment, respectively. The temperature reached at the soil surface was 428°C and 43°C respectively, but quickly dropped with increasing soil depth (Table 2). In the high severity treatment, the soil experienced > 220°C for about 3.5 hours in the top 3 cm. In the moderate severity treatment, the temperature never exceeded 60°C throughout the topsoil. We assumed a continuum of fire intensity and soil heating from the moderate, to the intermediate and high severity fire treatments; average canopy cover of surviving trees was 85%, 3%, and 0% (i.e., salvage logged), respectively.
Five years after the fire, in the burned plots 73 seedlings of Scots pine could be measured, i.e., 33% of total regeneration abundance. Other species included aspen (32%), downy oak (17%), birch (9%) and sporadic larch, ash, and willow (Salix caprea L.). Most broadleaves regenerated by shoot or root sprouting, and were grouped together with shrub cover in subsequent analyses. All pines were between 1 and 4 years old. The frequency of pine seedlings averaged 4.9 individuals per plot, corresponding to a density of 1733 ha-1; seedling density was higher in the moderate severity and intermediate severity treatments (Table 3). Mean height of pine regeneration was higher in the intermediate fire treatment (i.e., 22.8 cm). Herbaceous soil cover was highly variable in all treatments (10 to 92%), while coarse woody cover was higher in the moderate severity treatment (40%), and rock/bare soil cover was higher in the high severity fire treatment (28%). Mean shrub cover was generally very low, up to 11% in the high severity fire treatment (Table 3).
Soil textures always showed more than 50% sand, with very low amounts of clay. pH was alkaline and ranged between 7 and 8, with the cation exchange complex dominated by Ca. C and N contents ranged from 3% to 9% and from 0.1% to 0.5%,, respectively, and the C/N ratio from 17 to 35. 
When analyzing soil variables, in most cases we could not evidence significant differences between fire severity treatments (Figure 2). However, the following trends were detected with increasing fire severity: (a) higher fine sand and silt content under the high severity fire treatment; (b) a decrease of Atterberg’s limit; (c) a significantly higher and faster loss of soil aggregates (WAS a + WAS b, and WAS c parameters, respectively); (d) a highly significant loss of exchangeable K (p < 0.001), a reduction of exchangeable Mg, organic C and N, and an increase of the C/N ratio in all fire treatments compared to unburned. Base saturation, CEC, and pH were mostly invariant.
After dropping correlated predictors, a 5-variable model was selected by the stepwise algorithm for seedling density (Table 4). Mean bias (predicted – observed) was 0.26; residual plots were immune from heteroschedasticity or unaccounted trends. Seedling density was significantly affected by canopy cover of surviving trees (negative relationship), rock/bare soil (negative relationship, albeit not significant) and CWD cover (strong, positive relationship), Plastic Limit, and Mg saturation (negative relationship). No predictors were significant in the zero-inflation logistic model subcomponent. The full model performed better than one based on site predictors only (AIC = 65.4 and 117.3, respectively), and explained twice as much deviance than the latter in the observed dataset (dev = 83.2% and 44.8%, respectively). 

Discussion
This study highlighted: (1) that soils differed in some physical and chemical properties as a consequence of contrasting fire severities, although the event dated back to5 years before sampling; (2) that soil properties crucial for the success of post-fire Scots pine regeneration (i.e., Atterberg’s limits and Mg content) were not necessarily those more sensitive to fire. 
We categorized the observed fire severity gradient into three discrete classes. High, intermediate, and moderate fire severity differed for (a) residual canopy cover of surviving trees, (b) simulated fire intensity, and (c) simulated peak temperatures and residence times in the topsoil. All these elements have likely contributed to determine the differences in soil properties of burned vs. unburned areas: 

(a)  Soil texture. Severely burned areas are usually subject to erosion in the years after the fire (Shakesby 2011). Contrary to expectations, higher fire severities resulted in a higher content of fine particles (i.e., coarse and fine silt). However, a reason for the enrichment in silt-sized classes might be related to the formation of relatively stable aggregates from the silt (and secondarily, clay) fractions after high temperature exposition (Mataix-Solera et al. 2011).

(b)  Organic matter content. Moderate and intermediate fire severities resulted in increased TOC and C/N ratio, which is consistent with findings reported by most of the literature (Certini et al. 2011), and is attributable to the incomplete fuel consumption and to post-fire inputs of partially burnt plant materials. Under the high severity fire, OM decreased, consistently with the total consumption of live, dead, and duff fuels, and with the heating of the topsoil to temperatures lethal to the soil microbial pool (> 60 °C), and of the upper 3 cm to temperatures responsible for direct OM degradation (> 200 °C for N to be lost) (Chandler et al. 1983).

(c)  Exchangeable cations. K+ and Mg2+ were reduced after high-severity fires, as a result of volatilization during combustion (threshold temperatures of 1107 °C and 760 °C) (Weast 1988), and subsequent erosion and leaching following the initial “nutrient flush” in the ash layer (Kutiel and Naveh 1987). The decrease of exchangeable cations and CEC with increasing fire severity can also be related to organic matter losses observed for high severity fire (Mangas et al. 1992). 

(d)  Soil aggregation and consistency. The significant deterioration of WAS under the high severity fire treatment (i.e., higher and quicker soil aggregate losses), together with the reduction of Atterberg limits, can be explained by several factors: the higher impact of meteoric agents and post-fire erosion, and the quantitative and qualitative changes in soil organic matter that resulted from higher topsoil temperatures (Mataix-Solera et al. 2011). A significant and negative Spearman correlation between the total loss of aggregates (WAS a+b) and TOC (Figure 3) was observed, as expected. Past studies have found a similar loss of structural stability due to fire, which in turn may lead to lower soil porosity (Fernández et al. 2004; Giovannini et al. 1990; Imeson et al. 1992) and increased water repellency (DeBano 2000; Doerr et al. 2010). On the other hand, apparent increases were observed too (Granged et al. 2011), as a result of the disruption of weak aggregates and conservation of the more stable soil fraction. In our study, aggregate stability reduction was observed 5 years since the disturbance. Reduced aggregate stability has been observed in pine-dominated forest soils burned by wildfire from a minimum of one year (Martín et al. 2011) to a maximum of 12 (Kavdır et al. 2005) or even 19 years (Mataix-Solera et al. 2008); the temporal extent of fire effects on soils varies according to the intensity of erosion of less stable aggregates, and the course of post-fire vegetation recovery (Pérez-Cabello et al. 2010). 

[bookmark: _GoBack]Some soil properties did not differ significantly between fire treatments despite contrasting fire severities. When organic layers insulate the soil, soil heating is largely a consequence of smoldering combustion of duff fuels, and soil temperature is weakly correlated to fire intensity (Hartford and Frandsen 1992; Valette et al. 1994). Moreover, temperatures within the sampled soil decreased quickly, due to thermal insulation provided either by duff (moderate severity) or by the upper soil layers (high severity) (DeBano 1991). Even under a high severity fire, only in the upmost 3 cm they exceeded 220°C, i.e., a threshold associated with the degradation of soil organic matter and structural stability (Neary et al. 1999). Differences between soils sampled 0-5 cm into the A horizon might therefore be attenuated. 
Post-fire regeneration of obligate seeders is often described as a function of residual canopy, soil cover classes, and distance form the seed source (Ascoli et al. 2013). Distance from the seed source was not limiting in our study: average distance from the seed trees was 23 m, i.e., within the dispersal range of Scots pine seeds (Debain et al. 2007). The effect of residual canopy cover and soil cover classes on seedling density confirmed previous findings, in that: (1) establishment of Scots pine -was hampered by excessive canopy cover, as was expected for a light-demanding species (Hille and Ouden 2004); (2) rocks and bare soil were a bad site for germination, probably due to an unfavorable water balance and excessive evapotranspiration, and particularly so in a post-fire environment (Montes-Helu et al. 2009); (3) in this climatically stressed site, coarse woody debris facilitated seed establishment and survival, by mitigating microsite conditions, and providing protection from radiation and reduce soil moisture losses (Marzano et al. 2013).
The ultimate purpose of our study was to ascertain the existence of a relationship between fire-induced soil changes and the establishment of Scots pine seedlings. Among soil properties, Atterberg’s Plastic Limit and exchangeable Mg content played a negative role on seedling density. This suggested that, in the establishment phase, Scots pine favored sites with low chemical and physical fertility, i.e., with lower nutrient content, organic matter, and aggregate stability (as PL was significantly correlated to both OM and loss of aggregates: Figure 3). This partially contradicted our expectations, since previous studies have found that (a) aggregate stability influences water movement into the soil profile, and therefore is beneficial to the restoration of vegetation cover, especially in dry sites (Ursino and Rulli 2010), and (b) magnesium in the soil usually improves the performance of Scots pine regeneration (Steinbeck 1966). However, Scots pine has a large ecological amplitude, and it is possible that a local ecotype with a tolerance for poorer soils was favored by selection due to competitive advantage (or avoidance) versus other early-seral, rapid post-fire colonizers, such as aspen or birch (Moser et al. 2010). Moreover, it has been reported that Mg might form surface crusts due to clay dispersion (Mills and Fey 2004). Such crusts are not easily visible during survey but appear after intense rainfall, and may represent an obstacle to seed germination. However, this effect can not be proved for the study area, considering also that the exchangeable Mg content is not particularly high and it decrasases after fire. 
In conclusion, our results suggest that the effect of high-severity fire (i.e., temperatures > 220°C) on the topsoil are not per se detrimental to Scots pine regeneration. Rather, they can make new sites available to seedling establishment (high light, poor soil), provided that both dispersal distance and soil moisture are not limiting. In our study area, Scots pine establishment was more successful (i.e., both denser and taller) in the intermediate intensity treatment, where canopy cover was scarce, and the amount of residual CWD provided facilitated germination sites. Seedling establishment of other species would be less successful if they require a better soil quality, e.g., from the standpoint of aggregate stability, organic matter, and nutrient content, all of which were are generally low on dry sites (Giovannini et al. 1990), and were showed to decline further following high-intensity fire. It is therefore advisable to ensure that, following this kind of disturbance, a sufficient amount of deadwood is left on the ground (e.g., by restraining from complete salvage logging), in order to mitigate soil moisture loss and, for more demanding species, fire-induced degradation of soil physical and chemical properties.
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Tables
Table 1 – Effects of fire on soil at different temperatures 
	Temperature (°C)
	Effects

	40-70
	Protein degradation and death of living cells

	48-54
	Dehydratation or death of roots

	70-90
	Death of seeds 

	50-121
	Death of soil microfauna

	180-300
	Descructive distillation and combustion of 85% of the organic horizon 

	200-250
	Potential increment in mineral soil hydrophobicity 

	200-315
	Incipient distillation of soil organic matter 

	170-300
	Disruption of soil hydrophobicity

	200-400
	Incipient distillation of nutrients (particularly N) 

	>300
	Complete consumption of organic horizons

	420
	Water loss from clay minerals structure

	450
	Complete consumption of soil organic matter

	600
	Maximum losses of P, K; oxidating reactions of metallic bonds

	800
	S oxidation

	980
	Permanent alterations in clay minerals

	1240
	Ca volatilization



Table 2 – Temperature residence times obtained from FOFEM simulation of high, intermediate, and moderate severity fire
	 
	High severity
	Moderate severity

	Depth (cm)
	Temperature (°C)
	Time (min)
	Temperature (°C)
	Time (min)

	0 (surface)
	428
	156
	43
	185

	1
	363
	171
	34
	202

	2
	306
	184
	31
	215

	3
	256
	202
	29
	229

	4
	212
	214
	28
	243

	5
	173
	238
	27
	259

	6
	140
	250
	26
	273

	7
	107
	259
	25
	287

	8
	81
	294
	24
	298

	9
	69
	214
	23
	307

	10
	60
	219
	23
	314




Table 3 – Mean (range) of pine regeneration, site, and soil cover variables in the three fire treatments (n =5 plots per treatment)
	
	units
	Moderate
severity
	Intermediate
severity
	High severity

	distance from seed trees
	m
	0
	 2
	23

	slope
	%
	45 
	33 
	41 

	N 
	count
	7.2 (0–22)
	7.2 (1–17)
	 0.2 (0–1)

	mean height
	cm
	2.4 (0–4)
	22.8 (5–45)
	10.0 (0–50)

	tree cover
	%
	84.6 (65–95)
	2.6 (0–5)
	0

	shrub cover
	%
	0.2 (0–1)
	2.8 (0–10)
	10.8 (0–50)

	herb cover
	%
	38.8 (10–66)
	62.4 (40–92)
	45.8 (17–71)

	rock and bare soil cover
	%
	18.2 (5–32)
	4.2 (0–10)
	27.8 (17–37)

	coarse woody debris cover
	%
	40.0 (9–57)
	28.2 (6–52)
	15.4 (2–30)



Table 4 – Parameters of the GLM for pine seedling density selected by stepAIC
	
	Count model (negative binomial – log link)
	Zero model 
 (binomial – logit link)

	 
	B
	sig
	B
	sig

	N
	
	

	 (Intercept)
	0.254
	0.666
	1.504
	0.261

	tree cover
	-0.678
	0.008
	-2.314
	0.269

	rock and bare soil cover
	-0.467
	0.389
	-2.702
	0.121

	coarse woody debris cover
	1.964
	<0.001
	4.137
	0.193

	PL
	-1.126
	0.058
	-3.194
	0.108

	Mg
	-1.276
	<0.001
	2.210
	0.297

	Log (theta)
	13.885
	0.947
	
	





 

Captions of figures

Fig. 1 Study area and fire perimeters. Coordinate system: UTM WGS 1984, zone 32 North (units: m)

Fig. 2 Boxplot of soil variables in the unburned (UN), moderate (MO), intermediate (IN), and high (HI) severity treatments (outliers were omitted), and results of Tukey’s post-hoc test (p =0.05). Treatments with no letters in common were significantly different 

Fig. 3 Pearson’s correlation between aggregate stability (WAS a, WAS c), Atterberg’s limits (LL, PL), CEC, and TOC (red line: lowess smother)
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